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A method  for  the  study  of  surfaces  and  interfaces  based  on 
the  optical  excitation  of  surface  plasmons  by  the  attenuated 
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In  this  final  report  we  summarize 
this  grant  on  the  investigation  o 
optical  excitation  of  surface  pla 
to  suggest  and  test  improvements 
study  of  metallic  surfaces.  Optic 
employed  in  the  past  in  surface  s 
surface  sensitivity,  which  is  rel 
depth  of  light  compared  to  atomic 
difficulties,  many  successful  imp 
experiments  conducted  with  light. 


the  results  obtained  under 
f surfaces  and  interfaces  using 
smons.  The  aim  of  this  work  was 
in  the  optical  methods  for  the 
al  techniques  were  not  widely 
tudies  due  to  their  lack  of 
ated  to  the  great  penetration 
distances.  In  spite  of  these 
rovements  were  attained  in 
mainly  in  two  ways: 


a)  by  a sophistication  of  the  experimental 
to  improved  sensitivity  and  accuracy,  like 
ellipsometry  with  fast  automatic  ellipsome 
measurements ; 


techniques  leading 
high  resolution 
ter  and  differential 


b)  by  the  search  for  si 
more  surface  sensitive, 
(1),  (2)  or  by  the  exci 
which  we  have  dedicated 


tuations  in  which  the  light  wave  becomes 
for  instance  by  using  resonant  cavities 
tation  of  surface  polaritons  (SPW)  to 
ourselves . 
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1 modifications  of  the  surface,  like  absorption 
range  or  modifications  of  the  electronic  charge 
ee  Appendix  VI).  From  the  theoretical  point  of 
on  is  much  more  difficult  and  a non-local 
employed  in  order  to  interpret  most  of  the 
Its,  such  as:  s 

ty  at  a clean  metallic  surface,  taking  really 
effects  produced  there.  Very  recently  the 
nic  inhomogeneities  on  the  reflectivity  was 
electron  metals  (3),  (A); 
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b)  the  adsorption  of  ad-atoms  and  very  thin  layers  where  macros- 
copic models  cannot  be  employed.  In  all  the  work  presented  here, 
where  we  studied  anodic  oxidation  and  metallic  adsorption,  we 
have  used  the  simple  model  of  a thin  film  characterized  by  a 
thickness  and  a complex  dielectric  constant,  and  we  have  shown 
that  such  an  approximation  is  quite  satisfactory  in  most  cases. 

In  this  report,  we  shall  present  the  advantages  of  SPW  spectros- 
copy and  illustrate  thtfm  by  a few  examples  taken  from  our  work 
performed  under  this  grant.  We  shall  then  briefly  describe  the 
results  which  we  have  obtained  in  two  distinct  areas:  investi- 
gation of  metallic  adsorption  on  a metal  surface,  and  of  metal/ 
electrolyte  interfaces.  Various  publications  giving  and  discussing 
at  length  these  results  are  joined  to  this  report  as  Appendices 
and  should  be  consulted  for  additional  information. 


Surf  ace  plasma  waves  spe ctroscopy 


A very  sensitive  situation  is  reached  by  coupling  photons  to 
the  surfaces,  that  is  to  say  by  exciting  surface  plasma  waves 
(SPW).  In  the  infrared,  these  waves  can  propagate  over  macros- 
copic distances  and  the  technique  of  two  coupled  prisms  can  be 
employed  to  explore  metallic  surfaces  (5).  SPW  are  excited  in 
our  case  by  an  ATR  (attenuated  total  reflection)  method  in  the 
Kretschmann  configuration  (prism  - metallic  layer  - transparent 
material) . 

SPW  are  interesting  in  two  ways: 

1)  a very  high  surface  sensitivity:  the  electromagnetic  field 
is  localized  and  amplified  at  the  surface  in  a resonant  manner. 
Fig.  1 shows  the  variation  of  the  ellipsome trie  parameters  % 
and  A during  the  formation  and  reduction  of  anodic  gold  oxide 
with  SPW  and  in  the  usual  configuration.  The  amplification  of 
the  /Y'1  and  A variations  obtained  with  SPW  excitation  is  at 
least  one  order  of  magnitude; 

2)  the  measurement  of  the  reflection  coefficient  R in  the 

P 
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vicinity  of  the  resonance  as  a function  of  wavelength  or  as  a 

function  of  angle  of  incidence  provides  in  a straightforward 

way  a lot  of  physical  information.  The  effects  of  surface 

modifications  on  the  R resonances  were  carefully  studied  under 

P 

this  .grant  and  are  now  well  understood.  In  Appendix  I\,  it  is 

shown  how  the  Qrf  and  A resonances  are  related  to  the  metallic 

surfaces  and  it  is  explained  in  detail  how  the  /Y"  and  A 

variations  are  related  to  the  surface  modifications.  Fig.  2 

shows  the  modification  of  the  R resonance  at  the  surface  of 

P 

a Ag  film  (d  = 653  A)  due  to  Pd  layers  of  increasing  thickness: 

1.5,  3,  5 and  8 A as  determined  with  an  oscillating  quartz 

balance.  The  sensitivity  of  the  method  is  clearly  apparent 

from  the  various  curves.  The  angular  (or  spectral)  position  of 

the  minimum  of  the  R curves  as  a function  of  the  wavevector 

P 

(or  wavelength)  provides  the  SPW  dispersion  relation.  The  width 
of  the  resonance  is  indicative  of  the  propagation  length  or  the 
wave-packet  life-time  of  the  SPW.  All  these  informations  were 
successfully  used  in  our  investigations.  Fig.  3 shows,  for 
instance,  the  SPW  dispersion  relations  for  a free  Ag  surface 
and  for  the  same  surface  covered  by  thin  Au  layers  11.5,  28, 

35  A thick  (upper  curves)  and  for  a Au  surface  free  and  then 
covered  by  Ag  layers  6 and  14  A thick  (lower  curves). 

It  can  be  seen  that  Au  layers  bring  the  Ag  dispersion  curve 
closer  to  the  Au  dispersion  curve  and  vice-versa. 


In  the  present  work,  we  were  interested  mainly  in  two  kinds  of 
experiments : 

a)  spec tropho tome tri c investigation  of  metallic  adsorbates  on 
Ag , Au  and  A1  surfaces  in  ultra-high  vacuum; 

b)  ellipsometric  and  potentiome trie  investigation  of  the  Au/ 

IN  and  Au/H110^,  IN  interfaces. 


a)  Metallic  adsorption 

The  first  practical  idea  is  that,  if  the  thickness  of  the 
superficial  film  d^  is  known,  then  its  dielectric  constant 
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can  be  obtained  accurately  in  most  cases.  In  the  present  state 
of  optical  technology,  the  only  limiting  problem  is  the  validity 
of  the  method  used  to  interpret  the  experimental  data,  parti- 
cularly the  validity  of  the  concept  of  dielectric  constant  for 
such  e'xtremely  thin  layers.  Realistic  models  which  could  be 
tested  in  experiments  are  still  to  be  built. 

In  the  Appendix  II  we  give  the  results  of  an  investigation  of 
the  optical  constants  of  very  thin  Au  surface  layers  on  Ag  by 
taking  R as  a function  of  . In  the  Appendix  III  it  is  shown 
that  not  only  but  also  the  thickness  of  the  surface  layer 

can  be  obtained  simultaneously,  by  using  all  the  information 
provided  by  the  R^  values  as  a function  of  X and  . It  is 
found  that  the  continuous  model  is  a good  one  for  very  thin 
layers  (d^  ci.  1 0 &)  , even  for  discontinuous  films.  It  is  also 
found  that,  for  many  practical  purposes  very  thin  Au  layers 
behave  very  similarly  to  bulk  Au.  A more  careful  analysis  shows: 

- a shift  of  the  Au  absorption  edge  to  higher  energies  and  an 
increase  of  the  absorption  intensity  at  the  edge; 

- an  increase  of  the  optical  constants  in  the  free  electron 
region,  probably  due  to  the  reduction  of  the  electron  mean  free 
path  which  is  limited  by  the  dimensions  of  the  microcrystals 
constituting  the  very  thin  films. 


A singular  situation  occurs  when  the  dielectric  constant  of  the 
surface  layer  goes  through  zero.  A striking  effect  is  obtained, 
namely  a splitting  of  the  SPW  dispersion  relation  around  the 
plasma  frequency  of  the  surface  layer.  This  effect  is  studied 
in  Appendix  IV  for  a free  electron  metal  and  the  SPW  dispersion 
relation  is  computed  both  for  complex  values  of  the  frequency 
and  of  the  wavevector.  It  is  shown  that,  in  experiments  conducted 
at  variable  angle  of  incidence,  the  gap  between  the  two  branches 
of  the  dispersion  curve  disappear  for  increasing  damping  in  the 
film.  Appendix  V provides  experimental  evidence  for  the  predicted 
effect  in  the  case  of  Ag  on  A1 . SPW  dispersion  curves  are  also 
computed,  taking  into  account  absorption  from  optical  transitions 
between  d and  s-p  bands  in  Ag  in  the  explored  spectral  range. 


i 


5 


i 


For  an  Ag  layer  26  A thick-,  good  agreement  is  found  with 
computed  curves.  For  thicker  layers  a discrepancy  which  increases 
with  thickness  is  found  and  it  is  tentatively  explained  by 
roughness  effects. 

b)  Au-electroly te  interface 


One  important  advantage  of  this  technique  is  that  it  is  non- 
destructive and  can  be  applied  to  interfaces  as  well.  We  have 
studied  the  Au-HC.f  0^  , IN  and  Au-H^SO^,  IN  interfaces  in  two 
distinct  potential  ranges. 

1 . Double_layer_region 

In  this  region,  the  main  effect  is  the  polarization  of  the 
interface.  Different  applied  voltages  give  rise  to  modifications 
of  the  electrolyte  double  layer.  In  the  metal,  the  electronic 
inhomogeneity  extends  over  a few  atomic  layers  only.  In  the 
electrolyte,  the  modifications  occur  in  the  first  ionic  layer 
close  to  the  electrode  surface  and  in  the  ionic  diffuse  layer. 


In  Appendix  VI,  we  give  the  results  of  an  investigation  of  the 
Au/HC10^  and  Au/I^SO^  interfaces  and  we  show  that  it  is  possible 
to  separate  the  modifications  induced  by  the  applied  voltage  in 
the  electrolyte  from  those  induced  in  the  metal.  With  the  very 
simple  Aspnes-Mclnty re  model  it  was  found  that,  for  not  too 
large  applied  voltages,  the  penetration  of  the  d.c.  electric 
field  is  about  1—1.5  times  the  Thomas-Fermi  screening  length. 

The  electrolyte  modifications  are  interpreted  in  terms  of 
specific  adsorption. 


2.  &i_anodic_oxi de 

I 

The  anodic  oxidation  of  gold  has  been  investigated,  the  electrolyte 
being  a H^SO^,  IN  solution.  The  charge  Q entering  the  oxide 
formation  has  been  measured  by  coulommetry.  The  optical  results 
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display  a very  clear  change  in  the  ^ (oxide),  vs.  Q for 
2 

Q = 750  f.LC/ cm  , which  is  probably  related  to  the  formation  of 
a monolayer  of  oxide.  It  was  impossible  to  determined  simulta- 
neously the  dielectric  constant  £..  -i  > , and  the  thickness 

'-*•  -f 

df  of  the  layer.  A limitation  of  the  range  of  possible  valyes 
of  d^  is  obtained  if  and  are  kept  within  physically 

reasonable  limits.  The  thickness  of  the  Au  oxide  layer  is  a 
few  angstroms. 
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After  a brief  description  of  surface  electromagnetic  waves  (SEW),  this  paper  describes 
their  optical  excitation  and  ellipsometric  detection.  It  is  shown  how  tan  it  and  is  are  re- 
lated to  the  characteristic  optical  properties  of  the  various  media  and  a special  descrip- 
tion of  the  A variations  as  a function  of  k is  given  (k  is  the  component  of  the  wavevector 
along  the  surface).  The  possibilities  offered  by  this  technique  for  the  investigation  of  sur- 
face or  interface  reactions  are  indicated. 


1.  Introduction 

Although  surface  electromagnetic  waves  (SEW),  i.e.  electromagnetic  waves  prop- 
agating along  the  plane  interface  between  two  media,  have  been  already  theoretical- 
ly investigated  during  the  first  decade  of  this  century  (Zenneck  [1  ],  Sommerfeld  [2]), 
it  is  only  during  the  last  few  years  that  they  have  attracted  the  interest  of  the  experi- 
mentalists. This  is  due  to  the  fact  that  methods  have  been  found  which  enable  the 
optical  excitation  and  detection  of  SEW.  The  methods  of  generating  the  SEW  using 
attenuated  total  reflections  will  be  described  in  section  3,  which  follows  the  descrip- 
tion of  SEW  given  in  section  2.  The  detection  is  usually  performed  by  measuring 
the  reflected  intensity  of  a p-polarized  incident  beam.  Here,  we  shall  discuss  the  in- 
formation gained  by  using  the  ellipsometric  detection  of  SEW.  Although,  in  principle, 
intensity  measurements  provide  enough  information,  we  shall  see  the  advantages  of 
using,  besides  intensity  measurements,  phase  measurements  too.  The  theory  relating 
the  ellipsomeiric  response  function  tan  exp(iA)  to  the  parameters  characterizing 
the  various  media  is  given  in  section  4.  We  illustrate  the  various  theoretical  results 
either  with  experimental  or  with  computed  curves.  The  aim  is  to  stress  the  possibil- 
ities offered  by  this  technique  for  the  investigation  of  surface  or  interface  reactions. 
These  are  discussed  in  section  5.  A summary  and  some  remarks  are  given  in  the  con- 
cluding section. 


* Equipe  de  Recherches  Associee  au  CNRS  No.  462. 
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2.  Description  of  SEW 

SEW  are  plane  electromagnetic  (EM)  waves  propagating  along  the  interface  of 
two  semi-infinite  media  which  are  evanescent  in  both  media.  If  the  interface  is  in 
the  xy  plane  and  if  xz  is  the  sagittal  plane,  containing  the  propagation  vector  and 
the  normal  to  the  interface,  the  frequency  and  space  dependence  of  the  field  vectors 
in  both  media  is  e'xp[±az  + i(«f  - A:*)].  According  to  our  definition,  the  SEW  are 
guided  surface  EM  waves.  It  can  be  shown  that  Maxwell’s  equations  have  solutions 
satisfying  the  above  requirements  only  when  one  of  the  adjacent  media  has  a nega- 
tive dielectric  constant  and  when  A:  is  a particular  function  of  the  dielectric  constants 
of  both  media.  The  latter  being  frequency  dependent,  it  follows  that  there  will  be  a 
functional  relation  between  k and  to,  usually  called  a dispersion  relation.  Moreover 
SEW  can  be  found  only  for  a p-polarized  EM  wave.  A thorough  discussion  and  de- 
scription of  the  SEW  can  be  found  in  a few  recent  papers  (Burstein  et  al.  [3J. 
Economou  and  Ngai  [4]). 

We  give  here  the  results  which  are  obtained  from  the  above  definition  and  de- 
scription of  SEW.  This  enables  us  to  indicate  the  notations  to  be  used  in  this  paper. 
The  production  or  excitation  of  SEW  will  be  discussed  in  the  next  section.  The 
medium  with  a negative  dielectric  constant  will  be  the  e = e(  — ie2  medium,  usually 
called  the  surface  active  medium.  Its  dielectric  constant  is  in  fact  complex,  but  we 
shall  assume  that  e2  < |ej  I and  et  < 0,  thus  e is  essentially  negative.  The  positive  di- 
electric constant  of  the  adjacent  medium,  usually  called  surface  inactive,  ise0  and  it 
is  usually  practically  constant  over  the  frequency  range  of  interest.  In  order  to  satisfy 
the  boundary  conditions  at  the  z = 0 plane,  Ac,  the  component  of  the  wave  vector 
along  the  interface,  must  be  the  same  in  both  media.  The  damping  coefficients  a of 
the  waves  in  the  z direction  are  given  by 

a'  - (t o/c)2e  -k2  , oq  = (t o/c)2e0  - k2  , (1 ) 

both  a2  and  Oq  being  positive  numbers.  The  dispersion  relation  reads: 

k2=(co/c)2ee0/(e  +eQ) . (2) 

When  e is  complex,  Ac  is  complex  too.  This  means  that  there  is  a damping  of  the 
SEW  when  propagating  along  the  interface,  and  this  is  due  to  the  fact  that  the  sur- 
face active  medium  is  absorbing  (e2  > 0).  If  A:  = Acj  - iAc2,  and  e2  |ej|,  then 

According  to  its  definition,  k must  be  mainly  real  and  this  imposes  a more  stringent 
condition  on  e j , namely  < -e0.  F.q.  (3)  shows  that  A:2  < Act , i.e.  the  SEW  is  only 
slightly  damped. 

The  point  to  be  noticed  is  that  eq.  (2)  is  a resonance  condition  and  this  explains 
why  SEW  are  so  sensitive  to  the  surface  conditions.  Indeed,  according  to  eq.  (1),  it 
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can  be  shown  that  the  penetration  depth  of  the  EM  waves  in  botli  media  a 1 and 
Oq1  is  rather  large  (a  few  hundred  angstrom  units). 

Eq.  (2)  alone  is  not  enough  in  order  to  make  sure  that  we  are  dealing  with  SEW. 
Indeed  if  e and  e0  are  both  real  and  positive,  it  is  the  condition  for  the  nulling  of 
the  p-polarized  reflected  wave.  For  a given  frequency,  it  defines  the  Brewster  angle. 

Combining  the  results  obtained  for  homogeneous  and  for  evanescent  waves,  it 
can  be  concluded  that  eq.  (2)  is 'the  condition  for  having  one  and  only  one  wave  in 
each  of  the  adjacent  media. 


3.  Optical  excitation  of  SEW 


It  is  well  known  that  the  EM  wave  in  the  surface  active  medium  (ej  < 0)  is  a 
quasi-evanescent  wave  in  all  circumstances.  Therefore,  in  order  to  excite  a SEW  two 
conditions  must  be  fulfilled  besides  using  a p-polarized  wave,  namely:  (a)  having  an 
evanescent  wave  in  the  surface  inactive  medium  and  (b)  fulfilling  the  condition  (2). 
The  former  is  realized  by  using  a total  reflection  prism,  i.e.  a prism  (or  half-cylinder, 
or  half-sphere)  with  dielectric  constant  ep  > e0,  and  an  angle  of  incidence  <t>p  larger 
than  the  critical  angle  for  total  reflection.  The  condition  (2)  is  fulfilled  either  by 


According  to  the  above  considerations,  two  configurations  are  possible  in  order 
to  excite  SEW  at  the  e/e0  interface.  The  first,  in  which  the  prism  is  in  contact  with 
the  surface  inactive  medium,  has  been  proposed  by  Otto  [5]  and  is  shown  in  fig.  la. 


The  second,  in  which  the  prism  is  in  contact  with  the  surface  active  medium,  has 
been  suggested  by  Kretschmann  [6]  and  is  shown  in  fig.  lb.  The  e0/e  interface  is  at 
a distance  d from  the  prism  and  d being  finite,  it  is  obvious  that  the  prism  will  modi- 
fy somewhat  the  SEW.  In  fact,  as  we  shall  see  below,  there  is  an  optimum  value  of  d, 
say  dm,  for  which  the  sensitivity  for  the  detection  is  a maximum  and  dm  is  of  the 
order  of  a fraction  of  the  wavelength  used  for  the  detection. 


Fig.  1.  Two  configurations  used  in  order  to  excite  SF.W  at  the  e/fg  interface:  (a)  the  prism  is  in 
contact  with  the  surface  inactive  medium  eg,  which  is  often  air  (Otto  [ 5 1);  (b)  the  prism  is  in 
contact  with  the  surface  active  medium  c (Kretschmann  (6|). 
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4.  Detection  of  SEW 


We  shall  establish  first  the  expression  for  the  ellipsometric  response  function 
tan  i//  exp(iA)  when  SEW  are  optically  excited  as  described  in  the  preceding  section. 
Here  and  A have  the  usual  meaning,  i.e. 

tan  i//  exp(iA)  = rp/rs , 

where  r„  and  rs  are  the  reflected  complex  amplitudes  for  p-  and  s-polarized  incident 
waves.  From  the  considerations  concerning  the  value  of  d,  it  is  likely  that  rt  will  be 
practically  constant  over  the  investigated  range  of  values  of  rp.  Moreover,  in  the 
medium  which  is  in  contact  with  the  prism  carrying  evanescent  or  quasi-evanescent 
waves,  |rs|  «=  1.  The  approximate  expression  for  tan  4>  exp(iA)  to  be  given  below 
assumes  |r,|  = 1,  therefore  the  true  value  of  tan  \p  may  be  a few  percent  larger  than 
the  indicated  one. 

We  assume  that  we  are  working  at  fixed  frequency  and  variable  0p,  i.e.  variable  k. 
Let  us  call  km  = kml  - ifcm2  the  solution  of  eq.  (2)  as  given  by  eq.  (3).  We  assume 
first  that  we  are  working  in  the  configuration  described  by  fig.  lb.  We  define  a com- 
plex quantity  A km,  which  is  some  respects  takes  into  account  the  influence  of  the 
prism  and  of  the  finite  thickness  d of  the  surface  active  medium: 

(\  2 S ^ 

~ ) lCi  ?ep  exP(-2«d>  exp(i«i)  , (4) 


where  a has  been  defined  in  eq.  (1)  and  6j  is  the  phase  change  on  reflection  for  a p- 
polarized  wave  at  the  prism/surface  active  film  interface.  It  can  be  shown  [7]  that 

k-k  - Afc* 

tan  4>  exp(iA)  * exp(iAm)  — r _ ..  . (5) 


Here  AkJ^  is  complex  conjugate  to  AArm  and  Am,  in  a crude  first  approximation,  is 
the  value  of  A for  the  ep/e  interface.  For  the  Otto  configuration,  eq.  (5)  is  still  valid, 
but  Akm  must  be  defined  accordingly. 

Eq.  (5)  is  the  ellipsometric  response  function  to  optically  excited  SEW.  It  repre- 
sents a resonant  response,  as  can  be  seen  by  discussing  separately  the  variations  of  4* 
and  A.  We  have 


tan2^/ 


(*  ~ *ml  ~ A*ml>2  + (*m2  ~ A*m2)2 
(*  “ *ml  - A*ml)2  + (*m2  + ’ 


and 


tan(A  - Am) 


2*km2(k-kml-Akml) 
(k-kml-Akml?  + kl2-*kl2- 


(6) 


(7) 
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Eq.  (6)  is  typical  of  a resonance  curve  with  a minimum  for  k = *ml  + Mm).  The 
minimum  value  of  i//  is  given  by 


tan^m 


^m2  A^m2 
*m2  + A*m2 


(8) 


We  have  seen  that  the  condition  for  the  excitation  of  SEW  is  k = &ml  [eq.  (3)].  Due 
to  the  presence  of  the  coupling  prism,  this  condition  is  slightly  modified 
(A*ml  ^ *ml)-  According  to  eq.  (8),  = 0 when  km2  = A km2 , i.e.  when  the  two 

damping  mechanisms  have  equal  intensity.  This  equation  can  be  solved  to  find  the 
value  ofr/m  discussed  in  section  2.  When  d is  very  large,  Akm  -*  0 and  the  resonance 
occurs  at  k = £ml  but  its  contrast  is  extremely  small  (i 45°)  and  it  becomes 
very  difficult  to  detect.  For  d smaller  or  larger  than  dm,  ipm  can  have  the  same  value, 
that  is  to  say  it  is  impossible  to  say  something  definite  from  the  intensity  of  the  res- 
onance alone.  On  the  other  hand,  the  halfwidth  of  the  resonance  km2  + Akm2  is 
characteristic  of  d:  it  decreases  exponentially  with  d. 

Usually,  SEW  resonances  are  detected  by  measuring  the  reflectance  Rp  for  a p- 
polarized  wave  in  the  configurations  of  fig.  1 . As  Rp  = |rp|2  and  as  we  have  seen  that 


- . . d = 500A 
tany  - - - =55QA 


Fig.  2.  Tan  y versus  X at  fixed  incidence  (<pp  - 33.3°)  for  various  film  thicknesses  (d  = 500  to 
600  A)  in  the  configuration  of  fig.  lb.  The  dielectric  constants  of  the  various  media  are  = 
(1.89)  , «0  = 1 and  e = 4 - (X/Xp)2/(1  - i(X/Xr)]  with  \p  - 1290  A and  XT  = 3 X 105  A. 


242 


F.  Abetes  / Surface  electromagnetic  waves  ellipsometrv 


t 


l^sl 58  follows  that  tan^i Ij  is  practically  equal  to/?p.  From  this  point  of  view, 
ellipsometry  brings  nothing  new  with  respect  to  reflectometry. 

Let  us  examine  now  the  variations  of  A with  k according  to  eq.  (7).  We  have  in- 
dicated that  rs  is  practically  constant  over  the  resonance  region,  therefore  A = 
arg(rp)  - argO's)  is  a measure  of  the  variations  of  arg(rp).  The  variations  of  A are  dif- 
ferent for  d and  for  d~>  dm.  For  d <dm,  A shows  an  amplitude  of  variation 
which  is  larger  than  180°.  Indeed  for  k = fcml  + Akml  + (A k2n2  - k2m2)'l2  we  have 
A = Am  ± 90°,  Am  being  the  A value  at  the  resonance.  On  the  other  hand,  when 
d > Jm>  kml > A*m2, and  reaches  a maximum  (Amax)  and  a minimum. (Amin)  for 
values  of  k which  are  close  to  and  symmetrical  with  respect  to  the  resonance.  Indeed 
we  have 

tan(Amax  ~ Am)  = tan(Am  - Amjn)  = tan  5(Amax  - Amin) 

when  k = + A*ml  + ( k2m2  - A/c^)‘/2  . 

From  this  discussion,  it  is  immediately  apparent  that  the  value  of  d with  respect 


Fig-  3-  A versus  \ corresponding  to  the  same  configuration  and  data  as  in  fig.  2.  The  curves  corre 
spending  to  d = 500  and  550  A have  been  shifted  vertically  by  180°  in  order  to  draw  them  on 
the  same  figure.  This  point  will  become  clear  when  comparing  these  curves  with  A of  fig.  8. 
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to  dm  is  deduced  from  a mere  inspection  of  the  A versus  k variations.  As  these  are 
symmetrical  with  respect  to  k = kml  + Afcml,  it  is  apparent  that  Am  is  an  inflection 
point  for  the  A versus  k curve. 

According  to  our  approximate  eq.  (5),  the  SEW  resonance  can  be  described  by 
five  quantities:  Am,  Xm  and  AXm.  Four  of  these,  namely  Am,  Xml  + AXm  j , km2 
and  AXm2  can  be  deduced  immediately  from  an  inspection  of  the  A versus  k curve. 
The  use  of  the  <1/  versus  k variations  does  not  bring  any  new  information.  It  is  also 
apparent  from  eq.  (5)  that  tan  <p  and  A are  Kramers-Kronig  transforms  in  k space, 
which  is  not  surprizing  if  we  remember  that  they  are  the  modulus  and  the  argument 
of r respectively. 

The  above  considerations  are  illustrated  by  figs.  2 and  3.  They  correspond  to  the 
Kretschmann  configuration  with  ep  = ( 1 .89)2  and  e0  = 1 . The  surface  active  medium 
is  silver  described  by  its  dielectric  constant  e = 4 — (X/ Xp)2/ [ 1 — i(X/XT)]  with 
Xp  = 1290  A and  XT  = 3 X 10s  A.  Fig.  2 shows  the  tan  i It  versus  k variations  for  vari- 
ous film  thicknesses  ( d = 500  to  600  A)  and  a fixed  incidence  <t>p  = 33.3°.  The  re- 
marks concerning  the  ^ versus  k curves  can  be  verified:  dm  — 550  A and  i J/m  has 
almost  the  same  value  for  d = 500  A and  600  A,  but  the  halfwidth  of  the  cuivcs  de- 
creases with  increasing  thickness  of  the  surface  active  film.  Fig.  3 shows  the  A versus 
X for  the  same  configuration  as  fig.  2.  Here  the  limiting  value  dm  is  strikingly  ap- 
parent. Indeed  the  curves  for  d = 575  A and  600  A show  a maximum  and  a minimum, 
whereas  those  for  d = 500  A and  550  A display  a monotonous  variation  over  a very 
large  interval  of  A values.  For  d = 550  A,  which  almost  corresponds  toc/m  the  varia- 
tions are  particularly  rapid  in  the  vicinity  of  X = 5510  A,  which  is  the  resonance 
wavelength.  The  symmetry  of  the  curves  is  also  apparent  and  we  have  indicated  Am 
which  has  practically  the  same  value  for  all  the  thicknesses. 

5.  Modification  of  the  SEW  by  a very  thin  layer 

We  have  already  indicated  that  the  optical  excitation  of  SEW  is  very  sensitive  to 
the  interface  characteristics.  For  instance,  SEW  are  modified  by  the  roughness  of  the 
interface.  This  has  been  verified  by  Braundmeier  and  Arakawa  [8]  using  the  mea- 
surement of  Rp.  The  observed  modifications  are  essentially  a shift  of  the  position  of 
the  resonance  and  a broadening.  They  can  be  described  phenomenologically  by  the 
addition  of  a complex  quantity  6 k = 5kl  — i5Ac2  t0  the  numerator  and  denominator 
of  eq.  (5),  6*,  being  related  to  the  shift  and  6 k2  to  the  broadening  of  the  resonance: 

it  - k - 5k  - AX* 

tan  * expfiA)  = . (9) 

These  quantities  are  related  to  the  r.m.s.  height  of  the  roughness  and  to  the  co- 
herence length  of  the  roughness  in  a way  which  has  not  yet  been  completely  indi- 
cated, although  they  could  be  deduced  from  a first  order  theory  such  as  the  one 
elaborated  by  Kretschmann  and  Kroger  [9], 
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In  the  following,  we  shall  assume  the  presence  of  a very  thin  layer  at  the  interface. 
The  film  is  not  necessarily  homogeneous  or  isotropic,  but  its  thickness  d(  is  such  that 
V = (co/c)df  ^ 1 . The  results  obtained  are  first-order  approximations,  that  is  to  say 
we  neglect  terms  in  r)2  and  higher  powers  of  this  quantity. 

The  dispersion  relation  (2)  is  obtained  by  solving  the  equation  Z + Z0  = 0 with 

z ~ (w/c)e/a  and  Z0  = (w/c)e0/a0  . 

It  can  be  shown  [10]  using  the  classical  theory  of  thin  films,  that  the  presence  of  a 
very  thin  homogeneous  film  of  dielectric  constant  ef  = en  — iera  and  thickness  d{ 
leads  to  the  following  dispersion  relation: 


3(Z  + Z0) 
bx 


?>x  = it?  |e  + e0  - — ■ — ef  j , 


(10) 


where  x is  the  variable  parameter  (k  or  a>)  and  the  value  of  the  derivative  is  taken  at 
the  position  of  the  resonance  in  the  absence  of  the  surface  film,  that  is  when  df  = 0. 
Here  5x  is  the  deviation  of  x from  its  value  When  df  - 0.  For  an  inhomogeneous 
film,  for  which  ef  is  a function  of  a,  we  must  replace  efdf  and  d(le(  by  their  average 


Fig.  4.  Tan  i 1>  versus  k/(u>/c)  at  fixed  frequency  (X  = 5500  A)  and  variable  incidence  for  the  con- 
figuration of  fig.  ib.  The  dielectric  constants  of  the  various  media  are  ep  = (1.464)2,  e = 

-13.46  - i 0.6166,  tf  = 4 and  <q  = 1 and  their  thicknesses  areef  = 500  A and  df  = 0,  5, 10,  15 
and  20  A from  left  to  right. 
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values 


f €f(z)dz  and  J dz/ef(z) . 


If  the  film  is  anisotropic  uniaxial,  with  the  optic  axis  in  the  z direction,  its  dielectric 
constants  being  and  efe,  we  must  substitute  efe  in  the  e0e/e{  term  and  in  the 
ef  term  in  eq.  (10).  We  do  not  deal  here  with  more  complicated  situations. 

We  discuss  here  mainly  the  situation  where  x = k,  i.e.  a resonance  at  fixed  fre- 
quency. Then  8x  = 8 k and  we  find,  according  to  eq.  (10)  that 


8k 


een 


km  (e0-O(le0+el)3/2 


(e0  + e-17-ef)n. 


(11) 


Here  8k  is  the  complex  quantity  introduced  earlier  [eq.  (9)]  to  account  for  the  mod- 
ification of  theellipsometric  response  function  due  to  a modification  of  the  e/e0  inter- 
face. In  our  approximation,  8k  is  proportional  to  d.  As  we  can  write 

e0  + e - e0e/e{  -e{  = (e0  - ef)  (ef  - e)/ef , 


Fi*.  5.  a versus  $p,  the  angle  of  incidence,  for  the  same  configuration  and  the  same  data  as  in 
fig.  4.  Here  k has  been  replaced  by  0p  in  order  to  show  the  experimentally  encountered  angular 
range  corresponding  to  the  SEW  resonance. 
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it  can  be  easily  seen  that,  for  et-  < e and  0 < e{  < e0, 5A  is  negative,  the  reverse  being 
true  for  the  other  values  of  ef.  These  conclusions  are  drawn  assuming  that  both  e 
and  are  essentially  real  (e^  < |et-j|).  When  e2  is  very  small  and  ef  is  real,  6A2  ^ 0 
and  5k  = 6kj  is  real.  This  means  that  the  effect  of  the  very  thin  film  e,is  a shift  of 
the  resonance  from  k = Aml  + AAml  to  k = Aml  + AAnll  + 5Aj  with  practically  no 
broadening  at  all.  Figs.  4 and  5 give  computed  curves  of  tan  0 versus  A/(ou/c)  and 
A versus  0O  for  the  Kretschmann  configuration  with  ep  = ( 1 .464)2,  c = - 1 3.46  — 
i 0.6166,  d = 500  A,  e0  = 1 and  et-  = 4.  The  wavelength  is  kept  fixed  at  A = 5500  A 
and  the  incidence  is  varied.  The  various  curves  from  left  to  right  correspond  to  dm  = 
0,  5,  10,  15  and  20  A.  They  show  that  5k  is  real  for  real  ef  and  proportional  toc/m. 
Indeed  they  are  all  identical  and  obtained  from  the  curve  corresponding  to  the  bare 
interface  (d  = 0)  by  mere  translations.  Moreover,  5k  = > 0,  as  expected  from  our 

considerations,  because  et-  > e0.  Another  conclusion  which  can  be  drawn  from  these 
results  is  the  impossibility  of  determining  both  e(-  and  d,-  from  this  type  of  experi- 
ments when  the  interfacial  layer  is  very  thin.  On  the  other  hand,  the  sensitivity  of 
the  method  to  the  presence  of  such  a layer  is  obviously  much  higher  than  when  per- 
forming an  ordinary  ellipsometric  measurement. 

For  the  frequency  tof  for  which  en  = 0,  e(cjf)  = — ie^  and  eq.  (1 1)  shows  that 


¥~~* 


(e0-e)(|e0+e|)3/2  e2 / 


Pig.  6.  Tan  i ji  versus  A/(  w/c)  for  various  stages  of  the  tarnishing  of  a silver  film  (d  = 580  A).  Mea- 
surements performed  at  fixed  frequency  (X  = 5620  A)  and  variable  incidence  in  the  configuration 
of  fig.  lb.  Experimental  points  and  full  curves  computed  with  the  following  data:  c_  = (1.89)2, 
e = -14.36  - i 0.6519,  ef=  (2.9  - i0.4)2,e0=  1 and  d(  = 0,  2,  8,  16  and  30  A from  left  to 
right  (after  ref.  [7 1). 
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Thus  for  w = a),-,  5k  is  purely  iinaginary  (8k  = — i5Ar2)-  The  presence  of  a very  thin 
film  at  the  interface  does  not  lead  to  a shift  of  the  resonance,  but  only  to  a very 
strong  damping.  In  fact,  if  e2f  is  very  small  (e2f  < 1),  the  damping  can  be  so  strong 
that  the  presence  of  the  resonance  can  be  hardly  detected. 

Figs.  6 and  7 show  experimental  results  obtained  during  a SEW  ellipsometric  in- 
vestigation of  the  tarnishing  of  a silver  surface  in  the  configuration  of  fig.  lb  [7]. 
The  SEW  were  excited  by  using  a half-cylinder  of  dielectric  constant  ep  = (1 ,89)2, 
the  silver  film  was  580  A thick  and  the  experiments  were  performed  at  fixed  fre- 
quency (X  = 5620  A)  and  variable  incidence,  i.e.  variable  k.  The  tarnish  layer  had  a 
dielectric  constant  ef  = (2.9  - i 0.4)2  and  its  thickness,  corresponding  to  the  various 
curves  from  left  to  right,  were  df  = 0,  2,  8,  16  and  30  A.  The  points  are  the  experi- 
mental data  and  the  full  curves  are  the  results  of  computation.  Here  en  > e0  (e0  = 0 
and  the  shift  of  the  resonance  is  towards  larger  k values  (6k  j > 0).  The  broadening 
of  the  resonance  is  apparent  on  the  various  curves.  According  to  eq.  (9),  it  is 
governed  by  the  quantity  km2  + 6k2  + Akm2  and  it  increases  with  the  thickness  d( 
of  the  tarnish  film.  From  fig.  6,  one  notices  that  increases  with  d(.  This  is  an 
immediate  consequence  of  the  relation 


tan^m 


fcm2 

*m2 


+ 6k2  — Akm2 
+ 5k2  + Akm2 


(13) 


and  of  the  fact  that  d>dm  as  can  be  seen  from  the  presence  of  a maximum  and  a 
minimum  in  the  A versus  k curves  (fig.  5). 

This  point  is  further  emphasized  in  fig.  8,  which  reports  experimental  tan  i//  and 
A versus  k/(to/c)  for  a gold  film  (d  = 408  A)  in  contact  with  a 1 N S04H2  solution. 


Fig.  7.  A versus  k/(w/c)  for  the  same  situations  as  in  fig.  6. 
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Fig.  8.  Tan  <l>  and  A versus  k/(cj/c)  at  fixed  frequency  (X  = buy  3 A)  and  variable  incidence  in 
the  Kretschmann  configuration  for  an  Au  film  (<f  = 408  A)  in  a l N H2SO4  solution  for  three 
different  applied  voltages. 

I The  data  were  taken  at  X = 6093  A in  the  Kretschmann  configuration  for  three  differ- 

ent applied  voltages:  0.05  V,  0.65  V and  1.25  V/NHE.  The  increasing  modification 
of  the  interface  is  manifested  through  the  shift  and  broadening  of  the  resonance 
curves.  The  A curves  show  a monotonous  variation  (without  maximum  and  minimum) 
indicating  that  d < dm.  Thus  km2  < Afcm2  and  decreases  now  with  increasing 
bk2  according  to  eq.  (13). 

Let  us  now  return  to  eq.  (10)  with  x = cj,  that  is  to  say  to  experiments  performed 
at  fixed  incidence  and  variable  frequency.  The  shift  5gj  of  the  resonance  is  now 
given  by 

2e2[e0+e-(ee0/ef)-ef] 

5w=- 77-  T)  ■ (14) 

(de/aw)(e0-e)(|e0+£|)1/2 

The  value  of  the  derivative  3e/3co  is  taken  at  the  frequency  of  the  resonance  in  the 
absence  of  an  interface  film.  The  point  to  be  noticed  is  the  situation  corresponding 


F.  Abelh  / Surface  electromagnetic  waves  ellipsometry  249 

to  the  case  when  ct-  = 0 at  the  frequency  cof  of  the  resonance  for  the  bare  interface. 
Eq.  (14)  leads  now  to 

, ' , -2e0e3 

(6w)2  = - r>.  (15) 

(e<>  - e)  (le0  + e I)17 2 (de/dco)  ( 3ef/3u) ) 

This  indicates  a splitting  of  the  dispersion  curve.  Instead  of  having  a resonance  at 
to  = tOf,  there  are  now  two  resonances  at  to{  ± 6 go.  The  possibility  of  a splitting  of 
the  dispersion  curve  was  first  been  pointed  out  by  Agranovich  and  Malshukov  [11], 
Usually  Sco  = 8goj  + iSto2  is  a complex  quantity.  For  to  = to{,  Sto  is  practically  a 
purely  imaginary  quantity,  indicating  a strong  damping  of  the  resonance,  which  dis- 
appears and  is  replaced  by  the  two  dips  in  the  tan  \p  versus  co  curve  at  to  = coy  ± 6go. 

Let  us  now  return  briefly  to  the  case  of  a very  thin  inhomogeneous  layer.  A situa- 
tion which  corresponds  to  the  occurrence  of  two  superimposed  very  thin  layers  is 
found  in  the  investigation  of  the  metal-electrolyte  interface.  Abeles  et  al.  [12]  have 
studied  the  Au-H2S04  and  Au-HC104  interfaces  by  optically  exciting  SEW  and 
using  ellipsometric  detection.  The  results  obtained  at  fixed  frequency  (Ago  = 2.034 
eV)  for  different  values  of  the  potential  of  the  Au  electrode  (film)  were  interpreted 
by  using  a model  in  which  both  the  electrolyte  and  the  metal  electrode  are  altered 
by  the  applied  voltage.  According  to  eq.  (1 1),  if  6 ka  and  8fcb  correspond  to  the  mod- 
ifications occurring  in  the  metal  and  in  the  electrolyte  respectively,  then  bk  = 
bka  + 5fcb.  If  we  assume  that  the  modified  very  thin  region  at  the  surface  of  the  elec- 
trolyte is  non  absorbing,  which  is  a reasonable  standard  assumption,  then  bk2  = 6/ta2 
because  6kb2  = 0.  Thus  bk2  provides  information  on  the  altering  of  the  surface 
region  in  the  metal.  From  this,  one  can  compute  5£al  and  deduce  6A:bl  = bk  - 6ita j, 
i.e.  the  modification  of  the  electrolyte.  This  is  probably  the  first  detailed  investiga- 
tion of  an  inhomogeneous  very  thin  layer  and  it  shows  how  SEW  enabled  to  distin- 
guish the  effects  of  the  applied  field  in  the  electrolyte  and  in  the  metal. 


6.  Concluding  remarks 

The  aim  of  this  presentation  was:  (a)  to  introduce  the  reader  to  SEW,  (b)  to  indi- 
cate how  they  can  be  generated  and  ellipsometrically  detected,  (c)  to  stress  their  use- 
fulness for  the  investigation  of  surfaces  and  interfaces.  The  examples  chosen  corre- 
spond to  the  situation  where  the  surface  active  medium  is  a quasi-free  electron 
plasma.  The  theoretical  results  can  be  used  to  interpret  measurements  on  surface 
polaritons  in  the  infrared  too.  The  only  problem  is  purely  technical,  because  in- 
frared ellipsometry  is  still  in  its  infancy. 

The  given  examples  are  all  obtained  in  the  Kretschmann  configuration  (fig.  lb), 
but,  as  already  stated  above,  those  corresponding  to  the  configuration  of  fig.  la 
would  be  absolutely  similar.  The  choice  was  governed  by  the  fact  that  the  author 
has  used  the  former  only. 
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We  did  not  show  any  dispersion  curve  (to  versus  k ).  This  is  due  to  the  fact  that 
ellipsometric  measurements  yield  k = J:m|(to)  + Afcml(co),  whereas  the  dispersion 
relation  reads  k = A direct  determination  of  the  dispersion  curve  is  very  dif- 

ficult, because  we  ought  to  have  Afcml(co)  = 0,  i.e.  to  suppress  any  coupling  between 
the  prism  and  the  surface  propagating  SEW,  which  means  that  the  contrast  (or  in- 
tensity) of  the  resonance  would  be  exceedingly  small.  This  can  be  also  seen  from 
eqs.  (7)  and  (8),  where  Afcm2(w)  = 0 due  t0  the  fact  that  d is  very  large.  An  indirect 
determination  of  the  dispersion  curve  can  be  achieved  by  first  measuring  e and  e0 
and  then  using  eq.  (2).  If  e0  is  assumed  frequency  independent  and  well  known,  the 
only  remaining  problem  is  the  determination  of  e(co).  This  can  be  achieved,  for  in- 
stance, from  measurements  of  ip  and  A at  fixed  frequency  and  variable  incidence. 
Roughly  speaking,  the  position,  the  intensity  and  the  width  of  the  resonance  pro- 
vide the  necessary  information  for  the  determination  of  e = — ie2  and  d.  Results 

obtained  using  measurements  of  p-polarized  light  reflectivity  have  been  given  by 
Kretschmann  [6]  and  Otto  and  Sohler  (13]. 

The  discussion  of  the  influence  of  a very  thin  layer  on  SEW  given  in  section  5 
shows  that  the  observed  resonance  can  be  quite  different  when  working  at  fixed  fre- 
quency or  at  fixed  angle  of  incidence.  In  the  first  instance,  one  observes  a modifica- 
tion of  the  resonance  (shift,  broadening,  drop  of  intensity),  whereas  when  working 
at  fixed  incidence,  a splitting  of  the  resonance  can  occur.  Differences  in  the  observed 
effects  for  the  two  types  of  scanning  have  also  been  observed  in  the  region  of  rather 
large  absorption  in  the  surface  active  material  [14,15], 
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Critique 

K Meyer:  1 wonder  can  you  talk  about  a plasma  frequency  for  a very  dilute  monolayer? 

F.  Abeles:  If  these  waves  are  very  sensitive  to  the  surface  they  should  also  be  sensitive  to  the 
roughness  of  the  surface.  In  all  we  done  we  have  an  ideally  smooth  surface.  The  important  thing 
is  that  by  exciting  surface  electromagnetic  waves  you  can  have  scattered  light  in  the  medium  of 
total  reflection  where  otherwise  there  is  nothing.  Concerning  the  plasma  frequency,  you  are  ob- 
taining a kind  of  a zero  of  the  dielectric  constant  of  the  material  you  have  on  top  of  the  surface. 
In  fact  the  only  assumption  is  that  the  dielectric  constant  becomes  zero. 

D.F..  Aspnes:  Could  you  amplify  slightly  on  your  earlier  statement  concerning  the  wavelength 
range  in  which  this  technique  is  applicable'’  I believe  you  said  it  could  be  used  whenever  the  di- 
electric function  is  essentially  negative.  Can  you  make  that,  for  example,  everywhere  negative? 

I;.  Abeles:  You  can  use  it  at  frequencies  where  the  real  part  of  the  dielectric  constant  is  neg- 
ative and  in  absolute  value  larger  than  the  dielectric  constant  of  the  other  epsilon  b material. 

J.  Kruger:  This  would  seem  to  be  a good  technique  for  trying  to  learn  something  about  the 
double  layer.  Are  you  planning  such  an  experiment?  1 think  it  would  be  very  worthwhile. 

F.  Abeles:  Yes,  in  fact  we  are  starting  some  experiments  on  that  and  we  hope  to  be  able  to 
continue.  We  found  it  very  sensitive  and  at  the  same  time  non-destructive.  The  measuring  beam 
comes  from  outside,  from  one  region,  you  can  see  what  happens  in  the  cell  on  the  other  side. 

We  studied  anodic  oxidation  of  gold,  at  potentials  high  enough  for  oxidation.  We  also  measured 
the  dielectric  constant  of  gold  hydroxide  on  the  surface. 

N.M.  Bashara:  Could  you  amplify  a little  more  on  the  very  thin  layer  of  silver  experiment? 

F.  Abeles:  This  was  a computed  case.  We  didn’t  do  the  experiment.  When  you  have  the  zero 
of  the  dielectric  constant  of  a very  thin  film  on  silver  corresponding  to  the  position  of  the  res- 
onance on  the  free  silver  surface,  you  have  a striking  effect.  This  has  been  very  recently  mea- 
sured by  Russian  workers  using  reflectance  measurements  in  the  infrared.  1 have  seen  a preprint 
but  the  results  are  not  yet  published. 
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Summary.  — We  show  how  the  optical  constants  of  very  thin  layers 
deposited  on  metallic  surfaces  can  be  deduced  from  the  modifications 
of  the  Rd  resonances  due  to  excitation  of  surface  plasma  waves  by  the 
ATR  method.  The  optical  constants  of  discontinuous  Au  thin  layers 
(thickness  < 20  A)  on  Ag  surfaces,  prepared  and  studied  under  ultra- 
high  vacuum,  are  determined  over  the  (4000  h-  6000)  A spectral  range. 


Optical  spectroscopy  (reflection  and  transmission  measurements),  which  is 
widely  used  for  studying  the  optical  properties  of  solids,  is  not  as  powerful 
when  applied  to  surface  investigations,  because  of  its  lack  of  sensitivity  to 
surface  phenomena.  It  was  shown  that  surface  plasma  wTaves  (SPW)  are  very 
sensitive  to  surface  phenomena  and  can  be  employed  as  a tool  to  study  sur- 
faces (*■*)  and  interfaces  (3).  Till  now,  most  of  the  work  was  done  for  few 
frequencies  only.  We  present  here,  as  an  example,  results  of  optical  spectro- 
scopy using  SPW  of  very  thin  deposits  of  gold  (~  10  A)  on  silver  surfaces. 
It  must  be  underlined  that  the  determination  of  the  optical  constants  of  very 
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thin  films  on  highly  reflecting  substrates  (like  silver  in  the  visible  region)  is 
particularly  difficult  by  other  methods. 

SPW  are  excited  by  the  classical  ATK  method  in  the  Kretschmaun  config- 
uration (prism-metallic  film  (typically  500  A thick)- vacuum).  In  our  experi- 
ments, the  silver  films  as  well  as  the  gold  surface  layers  are  deposited  under 
ultra-high  vacuum,  and  the  optical  measurements  performed  in  situ  under 
the  same  vacuum  with  the  help  of  an  especially  built  double-beam  spectro- 
photometer. We  measure  the  square  of  the  reflection  coefficient  for  p-polarized 
light  as  a function  of  wave-length  for  different  angles  of  incidence  at  room 
temperature.  The  mass  thickness  of  the  films  is  determined  with  a Sloan 
oscillating  quartz.  The  500  A silver  films  are  made  of  regular  crystallites  with 
lateral  dimensions  of  a few  1000  A and  present  a fiber  structure  with  the  (1, 1, 1) 
planes  parallel  to  the  substrate.  The  free  surface  is  close  to  an  assembly  of 
(1, 1, 1)  terraces  (4). 

In  the  present  experiments,  we  fix  the  angle  of  incidence  <p  and  we  record 
ftj  vs.  the  wave-length  Figure  1 shows  a recording  of  ft’ (A)  around  the 
SPW  resonance  for  <p  = 46.5°,  for  a silver  thin  film  (058  A thick),  and  the 


Fig.  1.  - ft;  vs.  }.  (arbitrary  units)  for  a silver  film  (C58A  thick)  and  for  thin  gold 
layers  of  mass  thickness  10,  25  and  30  A deposited  on  the  free  silver  surface.  The 
internal  angle  of  incidence  was  >p  = 46.5°. 


SPECTROSCOPY  OF  VERY  HUM  METAL  LAYERS  ETC.  825 

progressive  modification  of  tliis  curve  produced  by  gold  deposits  of  increasing 
mass  thickness  condensed  on  the  free  silver  surface.  One  can  observe  a shift 
and  a broadening  of  the  resonance.  We  have  repeated  such  recording  for  several 
angles  of  incidence  in  order  to  obtain  the  resonances  in  J?„  as  a function  of  the 
angle  of  incidence.  Figure  2 shows  Rt(y)  for  X = 4503  A for  the  same  experi- 


d,  = 30X 


p(degrees) 


Fig.  2.  - Rt  vs.  <p  for  the  same  experimental  situation  as  in  fig.  X.  A = 4563  A. 

mental  situation  as  in  fig.  1.  Here  again  the  gold  surface  layer  gives  rise  to 
an  angular  shift  and  a broadening  of  the  resonance,  the  latter  being  related 
to  the  absorption  in  the  layer.  From  the  shift  of  the  resonance,  we  can  obtain 
the  real  part  of  the  modification  of  the  surface  plasmon  wave  vector  ATx,  and, 
from  the  broadening,  its  imaginary  part  A K2 . From  the  X values  corresponding 
to  the  minimum  of  Jtp  for  each  angle  of  incidence,  we  deduce  the  surface  plasmon 
dispersion  relations  for  the  free  silver  surface  and  for  silver  covered  by  thin 
gold  layers. 

All  physical  information  about  the  surface  layer  come3  from  A and  ATT, 
and,  if  we  know  the  thickness  d,  of  the  surface  layer,  we  can  compute  its  optical 
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constants  e,  = en  -}-  ien  from  the  modification  of  the  resonance  in  i?„(<p).  In 
fact,  there  are  always  two  solutions,  but  only  one  of  them  has  a physical  mean- 
ing; the  accuracy  in  this  determination  is  quite  good. 

Using  the  exact  electromagnetic  formula  for  multilayer  systems  (5),  we  have 
computed  the  optical  constants  for  the  gold  surface  layers  on  silver  by  a least- 
square  fitting  of  the  R,(<p)  curves  for  each  wave-length,  the  thickness  of  d, 
being  taken  equal  to  the  value  given  by  the  oscillating  quartz. 

Figure  3 shows  the  values  of  en  and  en  between  4000  and  6000  A for  thin 
layers  of  Au  on  Ag  with  d,  = 13  and  27  A.  It  is  found  that  the  values  of  en 
over  the  whole  spectral  range  are  independent  of  d,,  are  negative  and  are 
very  close  to  the  optical  constants  determined  by  accurate  measurements  on 
well-crystallized  thicker  Au  films  (•).  We  have  an  analogous  situation  for  e„\ 
nevertheless,  the  errors  are  more  important  (they  are  essentially  related  to  errors 
on  AK2).  It  must  be  emphasized  that  the  absolute  values  of  er  may  depend 
appreciably  on  the  values  chosen  for  d,,  but  the  general  shape  of  the  curves 
remains  the  same.  In  any  case,  we  find  e,  values  close  to  the  bulk  values 
within  our  experimental  uncertainties  for  layer  thicknesses  from  10  to  40  A. 


Fig.  3.  - Values  of  en  and  e/t  for  gold  surface  layers  (13  (•)  and  27  (+)  A thick)  deposited 
on  free  silver  surface.  The  continuous  line  corresponds  to  the  bulk  values  for  Au  taken 
from  ref.  (•). 


(s)  F.  Abells  : in  Advanced  Optical  Techniques,  edited  by  'A.  C.  S.  van  Heel  (Amster- 
dam, 1967),  p.  144. 

(•)  M.  L.  Tiiete:  Phya.  Be v.  B,  2,  3060  (1970). 
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It  is  known  (7)  that  the  grow  th  of  gold  deposits  on  (1,  1, 1)  silver  surfaces 
at  room  temperature  is  very  discontinuous.  Electron-microscope  investigations 
have  shown  that  our  deposits  are  formed  by  islands,  the  thickness  of  which 
is  of  the  order  of  their  lateral  dimensions.  For  a deposit  corresponding  to 
d,  = 13  A,  it  was  found  that  the  island  diameter  is  about  60  A with  a density 
of  about  4 10"/cms.  The  island  dimensions  increase  with  the  thickness  d,, 
reaching  100  to  200  A for  d,  of  the  order  of  40  A. 

The  observation  that  e,  equals  the  bulk  values  for  very  discontinuous 
layers  with  island  dimensions  from  200  to  60  A suggests  that  the  model  of  a 
continuous  layer  is  valid  in  all  cases  and  that  roughness  effects  are  not  very 
important. 

In  conclusion,  this  new  method  should  be  very  useful  to  study  various 
surface  phenomena  like  chemisorption  or  oxidation  on  metals  as  well  as,  with 
a minor  modification,  diffusion  of  atoms  or  molecules  through  metallic  films  (*). 

* * * 
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• RIASSUNTO  (•) 

Si  mostra  come  le  costanti  ottiche  di  strati  molto  sottili  depositati  su  superfici  metallicbe 
possano  essere  dedotti  dalle  modificazioni  delle  risonanze  I?c  dovute  all’cccitazione  di 
onde  del  plasma  di  superficie  per  mezzo  del  metodo  ATR.  Si  determinano  lo  costanti 
ottiche  di  strati  sottili  discontinui  di  Au  (spessore  <20 A)  su  superfici  di  argento, 
preparate  e studiate  nell’ultravuoto,  nell’intervallo  spettrale  tra  4000  c 6000  A. 

(*)  Traduzione  a euro  della  Eedazione. 


CneKTpocKOima  oueHb  tohkhx  MeTajuiHwecKHX  cnoeB  iia  MeTan.iHHecKHX 
noBepxHOCTHX,  Hcno.ibiyn  onTHiecKoe  BOsSyatfleime  noBepxHOCTHbix  n.ias.MOHOB. 

PenoMe  (*).  — Mbt  noKaibiDacM,  xax  oimnecKHe  nocTOHHHbie  onem.  tohkhx  cnoeB, 
HatieceHHbix  Ha  Meran/iHKecKiie  nosepxHOCTH,  MoryT  6biTb  nonyneHbi  H3  npeo6pa30- 
BaHiiii  Rt  pe30HaHC0B,  6naronapa  B036y>KfleHHio  noBepxHOCTHbix  nnajMemibix  Bonu 
c noMombio  ATR  MeTona.  B cneKTpajibHoft  o6jiacTH  (4000-^6000)  A onpegenaioTCJi 
onnixecKHe  nocxosHHbic  ancKpeTHbix  3onoTbix  tohkhx  cnoeB  (TOJimHHa  < 20  A)  Ha 
cepe6pBHbix  noBepxHOCTax,  npnroTOBnennbix  h nccnenoBaHHbtx  npii  ynbTpaBbicoKOM 
BaKyywe. 


(*)  riepeeedeHO  pedciKifueu. 
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Dispersion  curves  are  calculated  for  a situation  corresponding  to  a very  thin  K film  on  Al.  The  vicinity  of  the  plasma 
frequency  of  the  film  is  thoroughly  investigated  and  the  influence  of  absorption  in  the  film  is  stressed.  The  gap  in  the 
dispersion  curve  computed  at  constant  frequency  disappears  with  increasing  absorption  in  the  film.  Experimental  possi- 
bilities for  investigating  very  thin  films  by  ATR  are  discussed  and  an  approximate  expression  for  the  predicted  splitting 
of  the  minimum  of  the  reflectance  for  p-polarized  light  is  given.  The  splitting  is  shown  to  be  independent  of  the  absorp- 
tion in  the  film. 


1.  Introduction 

The  dispersion  relations  for  surface  polaritons  [1 , 
2]  and  surface  plasmons  (SP)  [3]  have  already  been 
discussed  by  several  authors,  even  for  multilayer  sys- 
tems. We  shall  discuss  here  the  situation  where  a very 
thin  metal  film  is  supported  by  a metallic  substrate 
propagating  surface  waves  at  its  interface  with  vac- 
uum or  a dielectric.  The  modification  of  the  sur- 
face waves  due  to  the  alteration  of  the  metal  surface 
can  provide  information  about  surface  phenomena 
like  chemisorption,  metallic  adsorption  or  oxidation. 

In  the  general  case,  the  presence  of  a very  thin  film 
(thickness  d{  < wavelength  X)  at  the  metal-dielectric 
interface  leads  to  a shift  of  the  dispersion  curve  (fre- 
quency co  versus  k,  the  projection  of  the  wavevector 
along  the  interface)  and  a broadening  related  to  the 
absorption  of  the  film.  The  analysis  of  the  influence  of 
the  film  can  be  performed  by  using  a first  order  ap- 
proximation (linear  in  fc0df,  with  = w/c)>  there- 
fore the  modifications  of  k are  proportional  to  the 
film  thickness.  This  approximation  breaks  down  when 
klk0  > 1 and  ( klk0)kQd{  is  no  more  a small  quanti- 
ty. Such  a situation  is  not  encountered  in  optical  ex- 
periments using  the  SP  excitation  by  attenuated  to- 

*  Equipe  de  Recherche  Associee  auC.N.R.S. 


tal  reflection  (ATR)  (4,5) . The  linear  approximation 
has  already  been  used  for  the  investigation  of  surface 
[6]  and  interface  [7]  modifications. 

Another  case  where  the  first-order  approximation 
may  be  questioned,  corresponds  to  the  frequencies 
for  which  the  dielectric  function  of  the  film  (ef)  goes 
to  zero  or  to  infinity.  For  ionic  crystals,  this  occurs 
at  wLO  and  wTO  (longitudinal  and  transverse  optical 
phonon  frequencies)  respectively.  This  situation  has 
been  discussed  by  Agranovich  et  al.  (8)  and  it  leads 
to  a splitting  of  the  surface  polaritons.  Experimental 
evidence  for  this  has  been  provided  by  Yakovlev  et  al. 
[9]  who  have  investigated  LiF  films  on  sapphire 
(AI2O3)  and  rutile  (Ti02).  For  metals,  this  occurs 
at  the  plasma  frequency  cop.  Economou  et  al.  [3] 
have  discussed  the  dispersion  curve  corresponding  to 
a metal  film  on  a metal  substrate,  but  only  for  the 
case  corresponding  to  real  values  of  k. 

We  present  here  an  analysis  for  the  same  situation 
(metal  film  on  metal  substrate),  but  we  discuss  impor- 
tant effects  due  to  the  damping  (absorption)  in  the 
film.  In  addition,  we  investigate  both  real  and  com- 
plex values  of  k,  pointing  out  the  differences  observed 
in  experiments  conducted  either  at  fixed  k/k0  and 
variable  co  or  at  fixed  co  and  variable  k/kQ , and  we 
present  curves  showing  the  expected  behavior  of  the 
reflectance  for  p-polarized  light  (Rp)  measured  at 
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fixed  incidence  and  variable  co  in  an  ATR  configura- 
tion. The  computations  were  performed  in  the  case 
of  a K film  on  Al.  They  do  not  take  into  account  pos- 
sible (and  probable)  spatial  dispersion  effects. 

2.  Dispersion  relations 

Let  e = e]—  ie2  and  e0  be  the  dielectric  functions 
of  a metallic  plasma  and  of  a dielectric,  which  are  in 
contact.  The  condition  for  occurrence  and  propaga- 
tion of  an  SP  at  the  e/e0  interface  is  given  by  Z + Z0 
= 0,  where  Z and  Z0  are  the  optical  admittances  of 
a p-polarized  wave  in  both  media,  with  Z = e 
X (e-52)"1/2  and  Z0  = e0(e0 -S2)~l>2  and  S = 
klk0.  It  is  well  known  [1]  that  this  condition  leads 
to  the  dispersion  relation 

S2=(*/*0)2=ee0/(e  + e0)  (1) 

where  e is  a function  of  co  and  e0  is  assumed  to  be 
frequency  independent. 

The  presence  of  a thin  film  at  the  e/e0  interface 
leads  to  a modified  condition  for  the  occurrence  and 
propagation  of  SP,  namely  [10,1 1] 

Z+Zq  + (ZZq/Z{  + Zj)  tailing  = 0,  (2) 

withZf  = ef(ef  - S2)"1^2  and  <>  = k0d{(S~— e{)1^2. 

SP  can  be  excited  by  working  either  at  fixed  frequen- 
cy and  variable  S or  at  fixed  S and  variable  frequen- 
cy. It  has  been  shown  by  Alexander  et  al.  [12]  that 
the  dispersion  curves  obtained  at  the  e/e0  interface 
in  these  two  cases  coincide  only  when  e2  = 0.  In  or- 
der to  show  the  effect  of  a very  thin  layer  on  SP  in 
the  vicinity  of  its  plasma  frequency  copf  = 27rc/Xpf, 
we  have  chosen  an  example  corresponding  to  a K 
film  ( d{  = 20  A)  on  Al.  The  dielectric  constants  of 
the  two  metals  are  given  by  the  Drude  expressions: 

e = 1 - co^co2(  1 — i/c or), 

cf=  1 - co2f/co2(l  - i/coTf), 

with  Xp  = 2trc/co  = 837  A,  hcop  = 14.88  eV,  copr  = 
24.85  for  Al  [13] , Xpf  = 3260  A,  Jtcopf  = 3.80  eV,  for 
K [14]  and  different  values  of  the  relaxation  time 
for  the  conduction  electrons  in  the  film:  copf7f  = 10 
and  50,  Tf  being  strongly  dependent  on  the  crystal- 
line structure  of  the  film.  We  explore  the  region  of 
frequencies  comprized  between  0.8copf  and  1 ,2copf. 


Fig.  1.  u>/u)p(-  versus  kt/ko  obtained  from  eq.  (2)  (for  real 
and  k complex)  for  a K film  (df  = 20  A,  /rwpf  = 3.80  eV  [14]) 
on  Al  (Jiuip  = 14.88  eV,  u>pT  = 24.85  [13]).  The  open  circles, 
the  full  circles  and  the  stars  correspond  to  wpprf  = 10,  50  and 
infinity,  respectively.  The  dashed  lines  are  computed  in  the 
linear  approximation  according  to  eq.  (3).  The  full  continuous 
line  corresponds  to  a bare  Al  surface.  The  insert  contains  a 
schematic  dispersion  curve  for  frequencies  up  to  u>p/21/J. 

in  which  the  influence  of  the  surface  layer  et  is  the 
most  important. 

Figs.  1 and  2 show  the  solution  of  eq.  (2)  for  real 
values  of  to  and  complex  values  of  S = klk0  = Sj  — LS2 
= (&i  - i A'2)/fc0.  Fig.  1 displays  the  relation  between 
co  and  the  real  part  of  k/k0,  i.e.  . In  our  notation, 
the  light  line  corresponds  to  5j  = 1 and  it  is  repre- 
sented by  a vertical  straight  line.  The  dispersion  rela- 
tion corresponding  to  bare  Al  in  contact  with  vacuum 
(e/e0  interface)  is  represented  by  a continuous  line. 


Fig.  2.  cj/ujpf  versus  *j/fco  for  the  same  situations  and  with 
the  same  notations  as  in  fig.  1. 
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It  is  a smooth  curve  close  to  the  light  line  over  the 
frequency  range  of  interest:  0.8cjpf  to  1.2copf.  The 
curves  corresponding  to  the  presence  of  a very  thin 
K film  are  characterized  by  an  important  backbend- 
ing  which  is  strongly  dependent  on  the  absorption  in 
the  film  (i.e.  on  the  value  of  Tf). 

When  6(2  = 0,  there  are  two  distinct  branches 
going  to  the  limit  values  co  = copf/21/2  and  to 
= {(tOp  + 0Jpf)/2}*/2  corresponding  to  SP  at  the  K- 
vacuum  interface  and  at  the  Al— K interface  respec- 
tively. When  6(2  0,  the  dispersion  curves  show  back- 

bending.  For  large  absorption,  the  two  distinct 
branches  are  no  longer  observed  and  the  curves  are 
continuous.  The  dispersion  curves  have  been  drawn 
on  both  sides  of  the  light-line  Sj  = 1 . For  Sj  > 1 we 
have  true  SP,  whereas  for  5j  < 1 we  do  not  have  eva- 
nescent waves  in  the  vacuum.  This  case  is  referred  to 
in  the  literature  [15]  as  leading  to  leaky  Fano  modes 
at  the  surface.  For  large  damping  in  the  surface  layer 
(T(  small),  the  whole  dispersion  curve  is  situated  to 
the  right  of  the  light -line,  that  is  Sj  > 1 . 

Fig.  2 displays  the  relation  between  to  and  the 
imaginary  part  of  k/k0,  i.e.  S2.  Both  curves  corre- 
sponding to  cOpfTf  = 10  and  50  show  a maximum  for 
w — wpf,  the  intensity  of  which  decreases  with  in- 
creasing damping.  As  the  propagation  length  of  an 
SP  along  the  surface,  L,  :s  related  to  S2  through  L = 
X/27t52  , it  is  clear  that  L reaches  a minimum  at  cj  — 
Wpf.  It  should  be  noticed  that  the  curve  with  stars 
in  fig.  1 also  corresponds  to  the  solutions  of  eq.  (2) 
with  real  S and  complex  oj  = <o  j + iw2 , even  when 
ef2  0 because  these  solutions  are  almost  insensitive 
to  absorption. 

Another  important  point  to  be  made  is  that  for 
large  values  of  T(  (small  absorption  in  the  surface 
layer),  there  is  a gap  in  the  dispersion  curve.  In  our 
case,  this  can  be  seen  on  the  curves  giving  u>  versus  Sj 
and  w versus  <S2  (figs.  1 and  2)  for  c<jpfrf  = 50.  There 
is  no  gap  for  wpfTf  = 10.  There  is  nothing  equivalent 
when  solving  eq.  (2)  for  real  S and  complex  w. 

These  results  can  be  understood,  at  least  qualita- 
tively, by  looking  for  an  approximate  solution  of  eq. 
(2),  corresponding  to  the  approximation  tanh0  0. 

In  this  linear  approximation  one  finds  that,  if  k is 
given  by  eq.  (1),  then  the  solution  of  eq.  (2)  is  given 
by  k + 5k  with  [6,1 1] 
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The  dispersion  curves  computed  according  to  eq. 
(3)  are  represented  by  dashed  lines  in  figs.  1 and  2. 
They  are  similar  to  the  curves  computed  exactly  from 
eq.  (2)  and  discussed  above,  the  slight  shift  of  their 
inflexion  point  (in  fig.  1),  or  peak  (in  fig.  2)  being . 
due  to  a breakdown  of  the  linear  approximation  in 
the  immediate  vicinity  of  c.’pf. 

The  optical  excitation  and  detection  of  SP  is  usual- 
ly performed  using  an  ATR  configuration.  As  stressed 
before,  the  experiments  can  be  conducted  either  at 
fixed  frequency  and  variable  incidence  or  at  fixed  in- 
cidence and  variable  frequency.  In  the  former  case, 
it  appears  from  fig.  1 that  there  is  one  and  only  one 
point  on  the  dispersion  curve  which  is  reached  for 
each  frequency.  When  working  at  fixed  incidence, 
that  is  to  say  at  constant  k/kQ,  there  are  always  two 
points  on  the  dispersion  curve  which  are  reached  for 
two  different  frequencies:  the  intersection  of  the  line 
k/k0  = const,  with  the  dispersion  curve  in  a Wj  versus 
k/kQ  representation  (this  curve  is  identical  to  die 
curve  with  stars  in  fig.  1).  In  a first-order  approxima- 
tion, the  distance  between  them  has  been  given  by 
AbelSs  [1 1] . In  our  case,  with  wp  > wpf,  its  approx- 
imate expression  is 

6VXpf  = ±(^fAp)1/2  (4) 

which  shows  that  even  for  very  small  thicknesses  of 
the  surface  film,  5X  can  be  easily  measured.  Fig.  3 
shows  the  computed  curves  for  Rp  versus  X in  an  ATR 
experiment  at  fixed  incidence  using  the  indicated  con- 


Fig.  3.  Computed  values  of  the  reflectance  for  p-polarized 
light,  Rp,  in  an  ATR  configuration  schematically  shown  in 
the  insert  for  an  Al  surface  covered  with  a very  thin  K film 
(d(  = 5 A)  and  for  different  values  of  the  absorption  in  the 
film  (open  circles:  upf  t{  - 10,  full  circles:  u frf  = 50). 
The  crosses  give  the  values  of  Rp  for  a bare  Al  surface. 
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figuration.  The  values  of  X corresponding  to  the  min- 
ima of/?p  give  the  positions  of  the  points  on  the  dis- 
persion curve  corresponding  to  the  given  incidence 
<(>  = 43°95.  The  curve  joining  the  crosses  is  for  an  Al- 
vacuum  interface,  the.  two  other  curves  representing 
the  effect  of  a very  thin  K film  (d{  = 5 A)  on  Al.  The 
curves  with  full  and  open  circles  correspond  to  wpfTf 
= 50  and  10  respectively.  It  is  apparent  that  the  posi- 
tions of  the  minima  are  not  dependent  on  the  absorp- 
tion in  the  K film,  which  only  causes  a broadening  of 
the  resonance. 


3.  Conclusion 

For  a thin  metal  film  on  a metal  substrate,  we  have 
discussed  the  influence  of  the  absorption  in  the  film 
on  the  SP  dispersion  curves.  The  presence  of  a gap  in 
the  curve  computed  for  real  to  and  complex  k is 
strongly  dependent  on  the  absorption  in  the  film,  the 
gap  vanishing  for  strong  absorption.  It  has  been  shown 
that  for  a very  thin  film  of  K on  Al  ( df  = 5 A),  a ra- 
ther large  (800  A)  splitting  of  the  SP  resonance  in  an 
ATR  experiment  conducted  at  fixed  incidence  takes 
place  in  the  vicinity  of  the  plasma  frequency  of  the 
filrh,  the  resonance  frequency  being  independent  of 
the  absorption  (r,-)  in  the  film.  An  approximate  ex- 
pression allowing  a rapid  estimate  of  the  splitting  has 
been  given.  It  is  clear  that  films  as  thin  as  1 A ought 
to  be  easily  detected  by  this  method. 
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Abstract 

| 

The  effects  of  very  thin  Ag  surface  layers  on  the  propagation 
of  surface  plasma  waves  (S.P.W.)  excited  by  ATR  at  an  A1  surface 
are  investigated  in  the  vicinity  of  the  Ag  plasma  frequency  and 
the  S.P.W.  dispersion  relations  are  obtained.  A splitting  of 
the  dispersion  curves  is  found  for  Ag  layers  26,  39  and  58  A 
thick,  but  does  not  appear  for  thinner  layers.  Experimental 
and  computed  dispersion  curves  are  compared. 

Resume 

On  etudie  les  effets  de  films  tres  minces  d'argent  sur  la 
propagation  d'ondes  de  plasma  de  surface  excitees  par  reflexion 
totale  attenuee  a la  surface  de  1 ' alurai  n i um . On  examine  surtout 
le  domaine  spectral  voisin  de  la  frequence  de  plasma  correspon- 
dant  a l'argent  et  1 ’on  en  deduit  les  relations  de  dispersion 
pour  les  ondes  de  plasma  de  surface.  On  trouve  un  dedoublement 
des  courbes  de  dispersion  pour  des  films  d'argent  d'epaisseurs 
26,  39  et  58  A,  mai s ce  dedoublement  n'existe  pas  pour  les  films 
plus  minces.  On  compare  les  courbes  de  dispersion  calculSes  A m 
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1 . Introduction 

Since  the  pioneering  work  of  Ritchie  (1)  and  Ferrell  (2), 
the  existence  of  coupled  surface  plasmon  inodes  in  metallic  slabs 
is  well  established.  Such  coupled  modes  have  recently  been 
observed  by  low-energy  electron  energy  loss  spectroscopy  for 
an  A1  film  of  atomic  dimension  on  CdSe  and  CdS  (3).  When  the 
two  surrounding  media  are  of  different  nature  and  when  the 
thickness  of  the  metallic  film  is  large  enough,  the  modes  are 
nearly  decoupled  and  tend  towards  the  two  surface  plasmon  modes 
corresponding  to  the  two  interfaces  (4,  5).  For  metallic  films 
on  metal  surfaces,  one  mode  is  related  to  the  surface  plasmon 
at  the  metal/metal  interface.  The  existence  of  such  interface 
plasmon  modes  was  first  suggested  by  Stern  and  Ferrell  (6)  but 
up  to  now,  to  our  knowledge,  there  is  no  evidence  for  them  from 
optical  experiments.  Surface  plasma  waves  (SP \rJ)  should  indeed 
exist  at  the  metal/metal  interface  for  free  electron  metals  in 
a spectral  range  corresponding  to  the  reflecting  region  for  one 
metal,  and  to  the  region  with  positive  dielectric  constant  for 
the  other  one. 

An  interesting  situation  occurs  when  the  thi ckne s s • d of 
the  metallic  film  deposited  on  a metal  substrate  becomes  very 
small,  i.e.  much  smaller  than  the  wavelength  of  excitation. 

In  the  small  wave- vector  range,  the  two  inodes  are  strongly, 
coupled  and  the  effect  of  a surface  metallic  layer,  having  a 
well-defined  plasma  frequency  in  the  spectral  region  where 
the  substrate  can  propagate  SPW,  is  a splitting  in  the  surface 
plasmon  dispersion  relation.  The  two  branches  of  the  mixed 
modes  should  be  detected  in  an  ATR  experiment  (7)  . 

Very  recently,  mention  was  made  of  a new  branch  in  the 
surface  plasmon  dispersion  curve  induced  by  an  inhomogeneous 
charge  distribution  at  a metallic  surface  (8,  9).  This  upper 
branch,  related  to  surface  inhomogeneity,  should  exist  for  an 
accumulation  charge  layer  as  well  as  for  -a  depletion  layer  (10). 
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Guidotti  and  Rice  (11)  claim  to  have  found  this  new  branch  in 
the  case  of  Hg-Cd  alloys;  this  is,  up  to  now,  the  only  experi- 
mental evidence  for  it.  Here,  we  report  on  ATR  experiments 
performed  on  very  thin  Ag  films  on  A1  surfaces  (it  must  be 
pointed  out  that,  the  number  of  free  electrons  being  smaller 
in  Ag  than  in  A1 , very  thin  Ag  films  on  A1  can  be  regarded, 
under  certain  aspects,  as  a depletion  layer  at  the  A1  surface). 

We  give  evidence  for  the  two  surface  plasmon  modes  corresponding 
to  very  thin  films  of  Ag  on  Al,  and  for  the  excitation  of 
surface  plasmons  at  the  Al/Ag  interface.  We  show  that  the 
surface  plasmon  dispersion  relation  of  Al  is  splitt  by  a 26  A 
thick  Ag  layer.  This  splitting  is  not  observed  for  thinner 
(6  A)  Ag  layers.  The  possibilities  of  studying  in  this  way  the 
electronic  structure  of  very  thin  metallic  layers  are  emphasized. 


Experiment 


The  experimental  set-up  essentially  consists  in  an  ultra- 

high  vacuum  chamber  operating  in  a pressure  range  of  about 

10  * torr,  equipped  with  an  evaporator  with  two  tungsten 

crucibles,  a precision  goniometer  (0.01°  angular  accuracy) 

aligned  with  an  external  optical  double-beam  set-up,  which 

allows  to  measure  the  square  of  the  sample  reflection  coefficient 
2 

Rp  (the  incident  beam  is  linearly  polarized  parallel  to  the 
plane  of  incidence).  An  Ithaco  353  is  used  both  as  a lock-in 
amplifier  and  as  an  electronic  ratiometer.  The  optical  components 
are  a 250  W tungs  ten-ho lo gen  lamp  (0.4-0. 9 j. im)  and  a 75  W Xenon 
lamp  XB0  75  ( 0 . 2 7-0 . 4^m) . 


The  samples  are  Al  films,  about  200  A thick,  deposited 
by  vacuum  evaporation  onto  a 60°  silica  prism.  A collimated 
■p-polarized  beam  falling  on  the  prism  at  angles  greater  than 
the  critical  angl e a 1 lows  to  excite  SPW  at  the  Al/vacuum  surface, 
and  spectroscopic  measurements  are  carried  out  by  recording 
Rp  versus  wavelength  A for  several  angles  of  incidence  V. 

Electron  microscope  investigations  show  that  such  Al  films  have 
a good  (111)  fiber  structure,  with  cristallites  of  about  2000  A 


in  lateral  dimensions.  The  optical  constants  of  the  A1  films 
were  determined  from  the  ATR  curves  in  the  0.4-0. 9 spectral 
range  and  were  found  to  be  in  good  agreement  with  the  values 
reported  by  Mathewson  and  Myers  (12). 

• l ' 1* 

Thin  films  of  Ag  are  then  deposited  in  situ,  under  the 
same  vacuum,  onto  the  A1  surface,  the  mass  of  the  deposit  being 
monitored  by  a 5 MHz  Sloan  oscillating  quartz,  the  calibration 
of  which  was  previously  performed  after  the  determinaton  of  A1 
and  Ag  film  thicknesses  by  X-ray  interferometry.  The  quartz- 
balance  sensitivity  is  15  Hz  for  one  X of  Ag  deposited  in  this 
particular  arrangement. 


The  d.c.  resistance  of  the  A1  film  is  measured  in  situ, 
and  its  modifications  during  Ag  deposition  ore  recorded  simulta- 
neously. Figure  1 shows  the  variation  of  the  A1  film  resistance 
AR  as  a function  of  the  deposited  Ag  mass  (or  mass  thickness  d^) 
in  the  early  stages  of  Ag  deposition,  in  the  case  which  will  be 
discussed  optically  later  on.  Since  the  A1  film  thickness 
(d  = 214  A)  is  of  the  same  order  of  magnitude  as  the  mean  free 
path  of  conduction  electrons,  size  effects  are  expected  to  be 
important  and  the  electrical  resistance  depends  on  the  scattering 
of  the  conduction  electrons  by  the  film  surfaces  (13).  Adsorption 
at  a surface  generally  produces  an  increase  of  the  film  resis- 
tance (14).  It  must  be  noticed  first  that  the  A1  film  resistance 
increases  very  fast  and  linearly  versus  mass  thickness  d^  for 
very  small  coverages  (df  <£  0.75  A).  This  region  probably 

corresponds  to  the  adsorption  of  Ag  as  isolated  ad-atoms  (14). 

The  levelling  off  of  the  curve,  followed  by  a weak  minimum 
located  between  3 and  4 A,  reflect  a decrease  of  diffuse  scat- 
tering, which  suggests  a more  continuous  geometry  for  the  deposit. 
We  conclude  that,  at  the  beginning  (first  monolayer),  the  growth 
of  Ag  on  an  A1  (111)  surface  must  be  rather  continuous.  Then, 
the  resistance  increases  again  but  smoothly  until  about  d^  = 15  A. 
For  larger  thickness,  the  resistance  starts  to  decrease  and  it 
reaches  the  initial  value  for  the  bare  A1  film  (AR  = 0)  for 
d^  **  58  A.  From  these  results,  we  deduce  that  the  Ag  superficial 


5 


r i . 

layer  is  then  d i s coin  t i nuous  . Electron  micrographs  taken  for  the 
largest  thickness  (d^  = 58  A)  indeed  reveal  small  isolated  Ag 
crystallites  of  about  200  A in  lateral  dimensions,  grown  in 
epitaxy  with  the  A1  substrate  crystallites , and  covering  about 

I 

30%  of  the  A1  surface  only.  Every  time  we  stop  the  Ag  deposition, 
the  resistance  does  not  change  during  the  optical  measurements 
which  take  about  one  hour;  we  thus  conclude  that  metallic 
diffusion  is  negligible. 

3 . Description  of  optical  results 


Figure  2 shows  the  R versus  A curves  for  an  external 

P 


angle  of  incidence 


37.77°,  obtained  in  ATR  experiments 


performed  first  on  a bare  A1  film  (d  «*  214  A),  then  on  the  same 
film  covered  by  Ag  layers  of  increasing  thickness:  d^  = 2,  6.5, 
26,  39  and  58  A (mass  thickness  as  determined  with  the  oscilla- 
ting quartz);  we  shall  refer  to  these  layers  as  1,  2,  3,  4 and  5 

respectively.  These  curves  were  corrected  for  stray  light  effects 
at  low  energies,  assuming  that  the  optical  constants  of  A1  are, 
in  this  spectral  range,  given  by  the  same  Drude  formulae  which 
reproduce  very  well  the  optical  constants  in  the  visible  region. 


Let  us  notice  that  the  first  layers  1 and  2 give  rise  to 
a slight  shift  and  a broadening  of  the  resonance  only.  This  is 
the  general  situation  observed  for  the  effect  of  absoring  surface 
layers  on  the  R^  curves  (15).  The  situation  is  quite  different 
for  the  following  films  3,  4 and  5.  There  is  a strong  splitting 
of  the  Rp  curve,  which  displays  now  two  resonances  instead  of 
a single  one.  Such  an  effect  was  predicted  theoretically  when 
the  dieelctric  constant  of  the  surface  layer  passes  through  zero 
or  goes  to  infinity  (16).  In  fact,  as  we  deal  with  metals,  we 
also  ask  that  the  imaginary  part  of  the  complex  dielectric 
constant  be  small  in  order  to  excite  plasma  oscillations. 

In  the  considered  spectral  range,  A1  has  a negative  dielectric 
constant  and  acts  indeed  as  the  active  medium,  but  the  dielectric 
constant  of  Ag  takes  over  negative  and  then  positive  values  for 
LO>C\)  . (the  bulk  plasma  frequency  Cc'.  of  Ag  is  3.77  eV) 
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and  the  SPW  condition  at  the  Al/Ag  interface  can  be  verified. 

We  conclude  that,  at  least  qualitatively,  the  Ag  surface  layers 

3,  4 and  5 display  a "plasma  frequency  behaviour"  in  the  explored 
spectral  range,  like  bulk  Ag . 

. i>  • 

It  is  clearly  apparent  from  figure  2 that  the  spectral 
position  of  the  short-wavelength  peak  is  nearly  insensitive  to 
the  Ag  film  thickness,  in  contradiJ.finchoti  to  the  long-wavelength 
one  which  is  strongly  thickness  dependent.  The  short-wavelength 
peak  is  related  to  SPW  excitation  at  the  Al/Ag  interface  and  it 
should  be  observed  even  for  an  infinitely  thick  Ag  film  (we  did 
not  go  further  than  d^  = 58  A in  the  present  experiments).  The 
short  wavelength  peak  therefore  gives  a strong  experimental 
evidence  for  SPW  excitation  at  a metal/metal  interface.  In  fact, 
due  to  the  small  thickness  of  the  Ag  layer,  both  modes  are 
strongly  coupled,  and  thickness  dependent.  For  thicker  films, 
it  should  be  possible  to  look  nearly  independently  at  both 
surfaces  of  the  Ag  film  (Ag/vacuum  and  Ag/Al)  , simply  by 
changing  the  wavelength  in  a way  similar  to  the  method  described 
for  metallic  films  on  dielectric  materials  (4,  5). 

4 . Dispersion  relation 


The  SPW  dispersion  relation  can  be  obtained  from  the  set 

of  experimental  curves  similar  to  those  presented  in  Figure  2, 

by  taking  the  spectral  position  of  the  Rp  minima  for  each  angle 

of  incidence  (the  experiments  are  indeed  carried  out  at  fixed 

angle  of  incidence  by  varying  the  wavelength)  . Figure  3 shows 

the  dipsersion  curves  OJ  versus  the  reducted  wavevector  s ■ k/kQ, 

where  k is  the  wavevector  parallel  to  the  surface  and  k =£6-’/c, 

o 

in  the  case  of  surface  layers  3,  4 and  5 where  a splitting  is 
observed.  The  situation  is  quite  different  if  we  fix  the  wave- 
length and  draw  the  R curves  as  a function  of  wavevector. 
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Figure  4 shows  the  dispersion  curve  obtained  in  this  way  for 
surface  layer  3 (df  = 26  A)  (curve  with  stars).  The  striking 
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difference  between  ■ these  two  ,types  of  dispersion  relation  must 
be  emphasized:  the  dispersion  curve  obtained  from  experimental 
ATR  data  at  fixed  wavelength  is  a continuous  line  (figure  A) 
while  the  dispersion  curve  obtained  from  data  at  fixed  angle  of 
incidence  presents  a discontinuity  and  consists  in  two  distinct 
branches  (figure  3).  As  explained  before  (7),  this  phenomenon 
is  related  to  damping  effects. 

The  SPW  dispersion  relation  for  a metallic  layer  (£^ , d^) 
on  a metallic  substrate  (£Q)  is  given  by  the  implicit  equation 
(17,  18): 

+(z  + ^ yfc+JV  e &) 

which  gives  the  poles  of  the  reflection  coefficient  for  this 
layered  system.  Z is  the  optical  admittance  defined  in  each  case 
by  ^-4  —£■[£■  'i2' J and  © is  given  by  © = a.  xhe 

indices  o and  f refer  to  the  substrate  (A1  in  our  case)  and  the 

surface  layer  of  thickness  df  (Ag  our  case)  respectively:  k, 
k^  and  s have  been  defined  earlier.  Equation  (1)  must  be  solved 

with  complex  values  of  CC=z<v,-l  CO&  if  one  deals  with 

experiments  performed  at  variable  frequency  (fixed  angle  of 
incidence),  but  with  complex  values  of  the  reduced  wavevector 
s = s^  + is2  if  one  deals  with  experiments  performed  at  variable 
angle  of  incidence  (fixed  frequency). 

The  continuous  line  in  figure  A represents  the  dispersion 
relation  obtained  by  solving  equation  (1)  with  s complex 

in  the  case  of  layer  3 (d^  = 26  A) . For  the  A1  substrate,  we  have 
taken  a dielectric  constant  £c  given  by  the  Drude  expression: 

= d.  - o)p/cL-  '}jl  -hi  fe  rV  jj 

with  1A,88  eV  and  b-'p'Z  - 2A,85,  which  gives  excellent 

agreement  with  experimental  results  for  bare  A1 . The  para- 

meters are  identical  to  those  reported  by  Hunter  ( 1 9) . For  the  ' 

Ag  surface  layer,  we  have  tried  for  the  values  given  by 

* 

Dujardin  and  Theye  (20),  which  have  been  introduced  numerically 
\ in  order  to  solve  equation  (1).  In  figure  3. , we  have  represented 

in  the  same  way  the  dispersion  relation  obtained  by 

solving  equation  (1)  with  CO  complex,  in  the  case  of  layers 
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3,  4 and  5 (d-  = 26,  39  and  58  A).  Here  we  need  an  analytical 
expression  to  describe  the  behaviour  of  the  Ag  dielectric 
constant  with  frequency,  • In  the  region  of  interest, 

i.e.  in  the  vicinity  of  its  plasma  frequency  ^p~  3.77  eV , the 
Ag  dielectric  constant  cannot  be  represented  by  a fre,e  electron 
model  only  (like  the  A1  one),  because  the  contribution  ,of 
interband  transitions,  which  give  a steep  absorption  edge  at 
energies  greater  than  the  onset  at  3.86  eV  (20),  cannot  be 
neglected.  A realistic  representation  of  the  dielectric  constant 
in  this  spectral  range  is  a rather  difficult  problem  (21)  and 
we  have  tried  the  expression: 

= COpC A° S ^ ^ ^ ^ 

wich  . . 

The  first  term  in  each  expression  accounts  for  intraband  tran- 
sitions of  conduction  electrons.  The  second  term  intends  to 
describe  the  contribution  of  interband  transitions  near  the 
absorption  edge.  It  must  be  noticed  that  a contribution  propor- 
tional to  jr  is  obtained  if  one  assigns  an  oscillator  with  constant 
oscillator  strength  to  every  transition  between  two  parabolic 
bands.  As  far  as  our  problem  here  is  concerned,  the  important 
point  is  that  equations  (2)  reproduce  within  experimental 
uncertainties  the  Ag  dielectric  constant  in  the  spectral  region 
where  SPW  can  propagate.  Moreover,  we  have  verified  that  the 
chosen  analytical  expression  does  not  influence  apprecibly  the 
results  concerning  the  SPW  dispersion  relations.  The  values  of 

C-09^_  and  are  taken  from  (20)  and  a simultaneous  least 

squares  fit  of  the  real  and  imaginary  parts  of  the  Ag  dielectric 
constant  given  in  (20)  leads  to  the  remaining  parameters  of 
the  model.  The  values  used  in  the  end  are  then: 

Cl  y.  « 9.98  eV,  - 3.37(eV)3,  <&L  = 3.99  eV,  P = 0.035 

-1/2  -r/2 

P = -7.93,  a - 23  eV  ' and  b = 35.9  eV  ' . 

The  large  negative  value  of  P balances  the  positive  contribution 
from  the  real  part  of  jr,  which  is  certainly  overestimated. 

Before  discussing  the  curves  in  figures  3 and  4,  it  must 
be  emphasized  that  all  our  treatments  of  the  data  assume  first 
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that  the  surface  layer  is  a continuous  homogeneous  layer  with 
plane  parallel  surfaces,  having  the  same  dielectric  constant 
as  bulk  Ag,  second  that  one  has  a local  dielectric  constant  £.(oc). 

We  shall  come  back  later  to  the  first  basic  hypothesis.  As  for 
the  seco.nd  one,  if  it  seems  to  be  a good  approach  for  thick 
enough  films,  i.e.  for  films  3,  4 and  5,  this  is  probably  hot 
the  case  for  very  thin  films  like  films  1 and  2,  because  the 
component  of  the  electric  field  perpendicular  to  the  surface 
varies  very  quickly  over  distances  comparable  to  the  surface 
layer  thickness.  We  have  also  neglected  spatial  dispersion  effects 
coming  from  the  longitudinal  wave  which  can  propagate  in  Ag  for 
frequencies  greater  than  (22,  23,  24).  We  are  dealing  here 

with  a geometry  which  should  be  particularly  sensitive  to  such 
effects,  the  wavelength  of  longitudinal  waves  being  about  two 
orders  of  magnitude  shorter  than  the  wavelength  of  transverse 
waves,  and  size  effects  being  therefore  expected  for  films  with 
thicknesses  of  the  order  of  the  present  ones,  provided  they  are 
continuous.  Unfortunately,  Ag  in  the  region  of  interest  does 
not  present  a simple  f re e-e le c t ron  like  behaviour  and  the  theory 
in  this  case  has  still  to  be  done. 


Going  back  to  figure  3,  we  see  that  for  layer  3 (df  = 26  &) 
the  experimental  points  (obtained  from  experiments  at  fixed 
angle  of  incidence)  are  in  good  agreement  with  the  computed 
curve,  at  least  for  the  high  energy  branch;  for  the  low  energy 
branch,  the  experimental  points  are  shifted  towards  larger  values 
of  s.  For  layers  4 and  5 (d^  = 39  and  58  A) , the  discrepancy 
between  experimental  and  computed  values  increases,  especially 
for  the  low  energy  branch.  The  upper  branches  have  been  drawn 
starting  from  s = 1 only,  but  in  fact  they  start  already  at 
s = 0.  Damping  mixes  the  Brewster  node  and  the  Fano  mode  and  the 
two  surface  electromagnetic  excitations  are  no  more  separated 
(25).  On  the  other  hand,  the  upper  branches  must  stop  at  s = 1.06, 
1.062  and  1.075  for  layers  3,  4 and  5 respectively,  as  shown 
in  figure  3.  This  is  again  an  effect  of  increasing  damping  in 
the  layer.  As  it  clearly  appears  in  figure  3,  the  experimental 
branches  do  not  stop  at  the  computed  values.  We  have  verified. 
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both  on  experimental  R^(A)  curves  and  on  computed  ones,  that  the 

minimum  at  low  wavelength  disappears  indeed  at  larger  angles  of 

incidence.  In  order  to  understand  this  discrepancy,  several 

reasons  can  be  put  forward:  a)  experimental  errors  arising  from 

the  fact,  that  the  minimum  of  ;,the  R (A)  curves  becomes . flat  ter 

P 

an d flatter;  b)  optical  constants  of  the  Ag  surface  layer  slightly 
different  from  the  bulk  optical  constants  which  we  have  used 
in  the  computations;  c)  omission,  in  the  calculation  of  the 
dispersion  relations,  of  the  finite  thickness  of  the  A1  substrate 
film  and  of  the  presence  of  the  prism. 


The  arrows  in  figure  3 indicate  the  frequencies  at  which 
the  reflectivity  measured  on  the  same  systems  from  the  external 
side  (vacuum  side)  presents  a minimum*  This  minimum  shifts  to 
smaller  energies  and  its  intensity  increases  with  increasing  d^ : 

— 3.78  eV  for  layer  3,  3.76  eV  for  layers  A and  5.  Its 
position  is  the  same  for  different  angles  of  incidence:  30,  40 
and  60°.  It  must  be  associated  to  the  plasma  frequency  of  the 
Ag  surface  layer.  We  see  that  the  splitting  of  the  dispersion 
curves  occurs,  as  expected,  around  the  frequencies  indicated 
by  the  arrows.  The  shift  to  smaller  frequencies  is,  at  least 
qualitatively,  consistent  with  the  fact  that  the  experimental 

points  move  away,  in  the  same  direction,  from  the  computed  curves 

•# 

when  increases. 

It  is  difficult  to  discuss  the  discrepancy  which  exists 
between  experimental  and  computed  dispersion  relations.  It  is 
probably  essentially  due  to  the  discontinuous  character  of  the 
Ag  surface  layer,  as  described  earlier  from  electron  microscope 
studies.  A granular  layer  will  produce  scattered  light  into 
vacuum,  leading  to  a shift  and  a broadening  of  the  resonance 
(26,  27).  The  shift  is  towards  larger  angles  of  incidence, 
therefore  in  the  same  direction  as  the  effects  noticed  in  our 
results.  Moreover,  but  this  may  be  a secondary  effect,  the 
assumption  that  the  dielectric  constant  of  the  surface  layer  is 
equal  to  the  bulk  Ag  dielectric  constant  must  break  down  for 
small  grains,  especially  for  the  conduction  electron,  contribution, 

i I ■ 


since  their  relaxation  time  mu.s  t be  sensitive  to  the  grain  size. 


In  all  the  former  discussions,  we  have  completely  neglected 
the  case  of  the  thinner  surface  layers  1 and  2,  for  which  no 
splittihg  of  the  minimum  in  the  R ( A)  curves  is  observed.  It  is 
remarkable  to  see  that  the  reflectivity  measured  from  the  vacuum 
side  does  not  either  present  a minimum  in  these  two  cases,  at 
least  in  the  explored  spectral  range.  Ke.  suggest  that,  for  "So 
small  coverages  (d^  = 2 and  6.5  A),  the  Ag  clusters  or  micro- 
crystallites are  not  large  enough  to  have  a well-defined  plasma 
frequency,  or  that  the  plasma  resonance  is  damped  by  collision 
effects.  The  effects  discussed  in  the  present  paper,  related  to 
the  fact  that  the  dielectric  constant  of  the  metallic  surface 
layer  passes  through  zero  in  the  spectral  range  where  the  active 
medium  is  examined,  are  not  present.  These  films  must  then  be 
treated  in  the  same  manner  as  in  the  general  case  of  an  absorbing 
surface  layer  on  a metal  surface  (J5).  However,  any  interpretation 
of  this  kind  is  highly  speculative  as  long  as  non-local  effects 
and  spatial  dispersion  are  neglected. 


A final  point  which  must  be  made  is  to  emphasize  the 
sensitivity  of  the  method  based  on  the  effects  described  here 
to  detect  very  thin  metallic  surface  layers  on  a metal  surface, 
if  these  layers  present  the  expected  bulk  dielectric  constant. 
The  splitting  observed  in  the  reflectivity  curves  is  indeed  very 
important,  even  for  quite  thin  films.  For  a free  electron  gas 
behaviour  (with  \^r  the  plasmawavelength  of  the  film  larger  than 
\‘pc.  the  plasmawavelength  of  the  A1  substrate,  like  in  our 

case),  the  wavelength  splitting  is  given  (7,  18)  by: 


& 

and  not  to  cl^./X^0^ 


-Vf  --  faf  Ar)  ‘ A) 

The  fact  that  cX  is  proportional  to  (d^/X^  and  not  to  <Aj./Xp0? 
as  it  is  generally  the  case  for  the  optical  response  to  very 
thin  films  (d^/A^i.  1),  leads  to  an  increase  of  sensitivity  for 
very  small  values  of  d^/A.  For  example,  the  splitting  observed 
for  layer  3 ( d,=  26  A)  is  800  A,  i.e.  about  30  A per  A.  On  the 

v 

other  hand,  it  is  quite  easy  to  determine,  at  least  qualitatively. 


at  what  thickness  the  surface,  layer  reaches  a behaviour  close 
to  the  expected  bulk  one,  just  by  looking  at  the  rough  experi- 
mental data,  without  any  other  sophisticated  analysis. 


5 . -Conclus  ion 

We  have  performed  ATR  experiments  on  Ag  surface  layers  of 
increasing  thicknesses  (from  2 to  58  A)  deposited  on  an  A1  surface 
in  a spectral  range  (0.27  - 0.9^t-m)  in  which  A1  is  highly 
reflecting  (active  medium)  and  the  dielectric  constant  of  Ag 
passes  through  zero  at  the  plasma  frequency.  We  have  shown  that, 
for  not  very  thin  surface  layers  (d^  26  A),  the  predictions 

of  the  theory  are  roughly  verified,  even  if  the  surface  layers 
are  largely  discontinuous.  We  have  indeed  observed  a splitting 
of  the  SPW  dispersion  relation  around  the  surface  layer  plasma 
frequency,  and  we  have  given  experiiaental  evidence  for  SPW 
excitation  at  the  metal/metal  (Al/Ag)  interface.  We  have 
discussed  why  no  splitting  is  observed  for  the  thinnest  surface 
layers.  Ue  have  eventually  emphasized  the  sensitivity  of  such  a 
method  for  the  detection  of  thin  metallic  layers  on  a metal 
surface . 
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Figure  captions 


Figure  1 : Modification  of  the  resistance  AR  of  an  A1  thin  film 

214  & thick  with  initial  resistance  = 3X1,  during 
the  deposition  of  Ag  films  1 (continuous  line)  and  2 
(discontinuous  line). 

Figure  2 : Reflection  coefficient  R^  as  a function  of  wavelength 
for  an  ATR  experiment  with  an  A1  thin  film  214  A thick 
deposited  on  a 60°  silica  prism  and  covered  by  Ag 
layers  2,  6^5,  26,  39  and  58  A thick  labelled  by 
numbers  1,  2,  3,  4 and  5.  The  external  angle  of 
incidence  was  37.77°. 

Figure  3 : versus  s as  computed  with  equat  ion  (l)  f or  complex 

values  of  the  frequency  for  Ag  layers  of 

thickness  26  A (continuous  line),  39  A (dotted  and 
dashed  line)  and  58  A (dashed  line);  the  corresponding 
experimental  values  are  also  indicated:  full  circles 
for  layer  3,  open  circles  for  layer  4 and  crosses 
for  layer  5. 

Figure  4 : U)  vs  s^  computed  with  equation  1 for  complex  values 

of  s = s^  + is2  for  an  Ag  layer  26  A thick  (continuous 
line),  the  experimental  points  are  represented  by 
crosses . 
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Use  of  ellipsometric  detection  of  surface  plasma  waves  at  the  metal  -electro- 
lyte interface  enables  a decoupling  of  the  effects  of  an  applied  voltage  on  the 
electrons  of  the  metal  and  on  the  ions  of  the  electrolyte.  Experimental  results 
for  the  Au-H2S04  and  HC104  interfaces  are  presented.  It  is  found  that  the 
penetration  depth  of  the  applied  voltage  in  the  metal,  for  not  too  large  mod- 
ifications of  the  surface  charge  (up  to  2.5  x 1014  electrons/cm2),  is  1-1.5 
times  the  Thomas-Fermi  screening  length. 


THE  INVESTIGATION  of  the  metal -electrolyte  in 
interface  is  a subject  of  current  interest,  the  aim  being 
a better  understanding  of  electrochemical  reactions 
and  electro-catalysis  process  as  well  as  polarization 
effects  in  the  ionic  double  layer  region.1,2  Here  very 
strong  electric  fields  can  exist,  which  perturb  the 
neighbourhood  of  the  interface.  Their  penetration 
depth  in  the  metal  is  extremely  short  and  is  given  by 
the  Thomas-Fermi  length,  lTF,  which  is  less  than  1 A, 
indication  that  the  static  field  due  to  a test  charge  at 
the  surface  of  a metal  is  screened  out  within  the  first 
atomic  layer.  Electro-reflectance  experiments  by 
modulation  of  the  applied  voltage  at  the  interface  have 
been  performed  successfully,3  but  their  interpretation 
is  still  somewhat  obscure.4 

This  communication  demonstrates  theoretically 
and  experimentally  that  by  using  surface  plasma  (SP) 
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waves  propagating  along  the  metal -electrolyte  inter- 
face, it  is  possible  to  obtain  unambiguous  information 
on  the  effect  of  the  applied  electric  field  on  both  media. 
The  technique  employed  is  the  optical  excitation  of 
SP  by  attenuated  total  reflection  (ATR)  and  their 
ellipsometric  detection.5 

SP  arc  collective  oscillations  of  the  free  charges 
at  the  metal  surface,  which  can  be  excited  optically 
by  a p-polarized  wave  only.  The  excitation  of  SP  waves 
is  conspicuous  through  a resonance  minimum  of  the 
reflected  (complex)  amplitude,  which  occurs  when 
the  component  of  the  wave-vector  along  the  surface, 

K = K\  + ifC2 , reaches  the  value  K„  = (w/c)see,/ 

(e  + es),  e and  e , being  the  dielectric  functions  of  the 
media  in  contact.  The  advantage  of  ellipsometry  is  to 
give  information  on  both  amplitude  and  phase  of  the 
p-reflccted  component  of  the  electric  field  vector. 

Surface  plasma  waves  propagate  along  the  e/e, 
interface  and  their  amplitude  is  exponentially  decaying 
on  both  sides  of  it.  They  are,  therefore,  sensitive  to 
any  modification  occuring  at  that  interface.  The 
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three  different  applied  voltages.  The  displacement  of 
the  minimum  (resonance)  of  tan  is  given  by  AK\/K0. 
The  upper  scale  for  the  abscissas  indicates  the  angles  of 
of  incidence  at  the  prism-Au-film  interface. 

experiments  to  be  described  make  use  of  this  sensi- 
tivity. Essentially,  any  modification  which  is  localized 
in  the  immediate  vicinity  of  the  interface  will  add  a 
wave-vector  AK  = AK,  + iAKj  to  K.  The  experiments 
which  are  reported  here  enabled  the  measurement  of 
AK  as  a function  of  the  applied  voltage,  which  provided 
information  about  the  very  thin  perturbed  region  close 
to  the  interface.  Application  of  a static  electric  field 
at  *he  metal-electrolyte  interface  affects  both  media. 

In  the  metal,  electronic  effects  are  predicted,  which, 
a!  hough  limited  to  an  extremely  thin  region  (thick- 
rc^s  lTh  £ 1 A),  can  be  extremely  strong,  d.c.  electric 
fields  of  the  order  of  107  V/cm  being  easily  attained. 
The  surface  of  the  transparent  electrolyte  is  also  per- 
turbed with  the  formation  of  an  ionic  double  layer 
showing  oi  not  specific  anion  adsorption.  The  ionic 
double  layer  is  subjected  to  large  electrostrictive 
compression,  which  should  increase  its  dielectric  con- 
stant Therefore  the  measured  AK  must  contain  con- 
tributions from  both  modifications  It  can  be  shown 


1o 
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FIG.  2.  AKt/K0  and  AK7  /K0  vs  displaced  surface 
electric  charge  N,  in  electrons/cm2  for  1 NH2S04 
solution  (circles)  and  1NHC104  solution  (solid  circles). 
The  wavelength  is  X = 6093  A. 

that,  for  layer  thickness  much  smaller  than  the  wave- 
length, these  contributions,  AK^-d  and  AAelectroiyte, 
are  additive: 

AK  — AAmetaj  + AAeiectroiyte  . 

Moreover,  the  imaginary  part  of  each  AK  is  proportional 
to  the  imaginary  part  of  the  dielectric  function  of  the 
corresponding  very  thin  layer.  The  dielectric  function 
of  the  electrolyte  being  real  (the  electrolyte  is  non- 
absorbing), AKi  = Kimtu i-  It  is  thus  possible  to 
separate  the  contributions  due  to  electronic  effects 
in  the  metal  and  to  ionic  effects  in  the  electrolyte. 

The  experimental  arrangement  consists  in  an 
electrochemical  part,  which  has  already  been  described6 
and  an  ellipsometer  with  phase  and  amplitude  modu- 
lation.7 The  electrochemical  cell  has  been  designed  in 
order  to  allow  cllipsometric  measurements  with  SP 
excitation  by  ATR.  The  electrode  is  a thin  gold  film 
vacuum-evaporated  on  a prism  of  high  index  of  refrac- 
tion. The  counter-electrode  is  an  Au  grid  of  large  re- 
active surface  and  the  reference  electrode  is  a Hg2S04 
electrode.  The  solution  is  kept  free  from  oxygen  by  a 
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permanent  flow  of  pure  nitrogen.  The  solutions  are 
prepared  from  Merk  Suprapur  products  and.quadri- 
distilled  water  (resistivity  larger  than  18  Mfi'cm).  The 
electrode  is  cleaned  and  activated  in  the  cell  by  a series 
of  cycles  of  oxydation  and  reduction  before  each 
experiment.  The  / vs  V curves,  giving  the  intensity  of 
the  current  as  a function  of  the  applied  voltage,  are 
recorded  during  the  experiment  in  order  to  enable  a 
control  of  the  reproducibility. 

Ellipsometric  measurements  give  the  angles  'F  and 
A which  are  related  to  the  complex  reflected  amplitudes 
rp  and  r,  for  electric  field  parallel  and  perpendicular  to 
the  plane  of  incidence  through  tan  'F  exp  (/A)  = rptr,. 
The  amplitudes  of  the  incident  fields  are  taken  as 
unity.  The  measurements  were  performed  as  a function 
of  the  angle  of  incidence  <p  at  the  prism-gold  film  inter- 
face at  fixed  wavelength  X = 6093  A (hco  = 2.034  eV) 
for  different  values  of  the  potential  of  the  Au  electrode 
(film)  between  50  and  1250  mV  (NHE).  The  results 
are  shown  on  Fig.  1 in  the  vicinity  of  the  SP  resonance 
(56°  < 0 < 61°). 

It  has  been  shown  5 that,  for  a metal  film  of  finite 
thickness,  we  can  write  in  this  region: 

(1) 

K-(Km+AK)-AKf 

where  K = K0‘  n0  sin  <t>  is  the  component  of  the  inci- 
dent wave-vector  along  the  Au-film  surface,  n0  — 1.728 
is  the  refractive  index  of  the  prism  and  K0  = (w/c)- 
A Kf  = AKfi  — iAKft  accounts  for  the  damping  of  the 
wave  due  to  the  finite  thickness  d of  the  Au  film  (inde- 
pendent measurements  gave  e = — 10.9  — i x 1 .42, 
d = 408  A for  the  Au-film  used  in  the  experiment  lead- 
ing to  the  curves  of  Fig.  1). 

The  shape  of  the  tan  *P  vs  K curve  is  apparent 
from  equation  (1): 


decrease  with  increasing  values  of  A K2.  In  our  case, 
the  Au  film  being  rather  thin,  Kf2  > Km  2 and  the 
minimum  value  of  tan  *F  decreases  with  increasing 
A K2. 

Let  us  assume  that  the  Au-electrolyte  (e/e,) 
interface  contains  a very  thin  layer  of  thickness  da  and 
dielectric  constant  ea  = e„  i — iea2  . It  can  be  shown5 
that,  for  this  situation 

AK„  = A KaX  -iAKai 

This  is  a first  order  approximation  only,  but  it  is  quite 
sufficient  for  very  thin  surface  layers,  when  K0da  < 1. 
If  there  are  two  superimposed  very  thin  surface  layers 
(e„,  da)  and  (eb , db),  then,  in  the  same  approximation: 
A K = A Ka  + A Kb,  where  A Kb  is  the  expression 
obtained  from  A Ka  by  replacing  ea,da  by  eb,db. 
Another  point  to  be  noticed  is  the  fact  that  for 
e2  ^ ki  |,  which  is  pratically  our  case,  we  have  AKa2 
and  AKb2  respectively  proportional  to  ea2  and  eb2 . 

We  are  now  in  a position  to  discuss  our  experi- 
mental results  which  are  summarized  by  the  A Kx  vs 
N,  and  AK2  vs  AT,  curves  of  Fig.  2,  where  At,  is  the 
total  excess  electronic  surface  charge  per  unit  area 
required  to  shield  the  field  (estimated  for  each  value 
of  the  applied  voltage).  The  zero  charge  potential  of 
the  Au-acid  system  being  poorly  known,  we  have 
determined  the  values  of  the  charges  for  the  various 
voltages  used  by  taking  q — 0 for  V = 50  mV.  The 
charges  have  been  computed  from  the  curves  giving 
the  differential  capacity  vs  voltage  for  systems  similar 
to  ours8  and  found  to  be  in  good  agreement  with 
our  / vs  V experimental  curves.  Open  circles  give  the 
results  obtained  with  a 1NH2S04  solution  and  solid 
circles  refer  to  a 1NHC104  solution  used  as  electrolyte. 


tan1  *F  = 


(K-Kml-AKt  - A Knf  +(Km2+AK2  - A Knf 
(K  — KmX  — AKi  - AKn)2  +(Km2  + A K2  + A Kf2)2  ' 


This  shows  that  the  position  of  the  resonance,  that  is 
to  say  of  the  minimum  of  tan  'F,  corresponds  to  K = 
Km  1 + AKfX  + AKX.  Any  modification  of  the  metal- 
electrolyte  interface  leads  to  a shift  of  the  position  of 
the  minimum  of  tan  >F,  due  to  the  A Kx  term.  Simul- 
taneously, the  intensity  of  the  resonance  is  modified 
by  the  Km2lAKf2  ratio:  it  can  either  increase  or 


The  striking  features  of  these  curves  are: 

(a)  AK2  vs  N,  are  the  same  for  both  electrolytes; 

(b)  AKX  is  approximately  proportional  to  At,  in 
both  cases,  the  Kx  vs  At,  curves  being  shifted  and 
parallel  for  A’,  > 1.5  x 104  el/cm*. 
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* These  results  can  be  interpreted  by  using  a model 
in  which  both  the  electrolyte  and  the  metal  electrode 
are  altered  by  the  applied  voltage.  These  modifications 
give  rise  to  small  components  of  the  wave-vector  along 
the  surface:  AKa  for  the  metal  and  A Kb  for  the  electro- 
lyte. The  contribution  of  the  electrolyte  to  the  measured 
A Ki  being  zero  (the  electrolyte  is  transparent  and 
A Kb  real),  the  fact  that  for  a same  value  of  Ns,  A K2 
has  the  same  value,  irrespective  of  the  electrolyte,  indi- 
cates that  the  electronic  structure  of  the  metal  at  the 
interface  is  modified  in  the  same  way.  This  is  consistent 
with  the  Mclntyre-Aspness  model,9  which  assumes, 
to  a first  approximation,  that  interband  transitions 
are  unaffected  by  the  applied  voltage  (which  is  reason- 
able in  our  case  because  hcj  is  smaller  than  the  inter- 
band absorption  onset)  and  only  the  plasma  frequency 
of  the  free-electron  gas  in  the  surface  region  (thickness 
da  — lTF)  is  shifted  by  an  amount  proportional  to 
Nslda.  As  a test  of  this  model,  we  have  computed  the 
da  values  resulting  from  the  experimental  A K2.  For 
N,  < 2.5  x 1014  electrons/cm2,  the  da  values  were 
found  to  vary  from  0.6- 0.9  A,  that  is  to  say  from 
lTF  to  1.5  IpF-  For  larger  values  of  Ns,  it  was  imposs- 
ible to  find  a value  for  da  which  would  reproduce  the 
measured  A K2.  This  is  not  surprising  because,  for 
such  high  values  of  N,  , the  simple  Mclntyre-Aspness 
model  is  not  expected  to  be  valid  any  more. 

The  AKX  values  computed  with  the  Mclntyre- 
Aspnes  model  (A/f„i  in  our  notation)  are  much  smaller 
than  the  experimental  values,  over  the  whole  range  of 
N,  for  the  H2S04  electrolyte,  and  for  N,  > 1.5  x 1014 
electrons/cm2  for  the  HC104  electrolyte.  The  experi- 
mental AAf,  must  thus  essentially  be  related  to  modi- 
fications of  the  electrolyte  in  the  vicinity  of  the  surface: 
AJfj  — A Kb  1 . The  AK,  vs  N,  variations  are  easily 
understood  in  a model  already  suggested  by  Paik  etal. 10 
in  which  the  dielectric  function  eb  is  a function  of  the 
relative-coverage  6 of  the  metallic  surface  by  ions,  the 


thickness  db  of  the  sub-monolayer  region  being  taken 
as  a constant.  According  to  its  definition,  6 = q-lq^t, 

<7_  being  the  amount  of  adsorbed  ions  and  qat  the  value 
of  q _ at  full  coverage.  If  we  correlate  eb  to  the  amount 
of  adsorption  according  to  reference  10,  it  can  be 
shown  that  eb  = e,  + [B/db  — (e*  - l)/(es  + 7)],B 
being  a constant  characteristic  of  the  adsorbate. 

Equation  (3),  with  eb,db  replacing  e„,da  leads  to 
&Kbi/Km  - const.  [B-  (es  — lK,/(es  + 2)]0.  If  it 
is  assumed  that  q-  = Ns  — N,o , NSo  being  the  charge 
corresponding  to  the  voltage  at  which  specific 
adsorption  starts,  and  if  one  notices  that  <ysat  is  the 
same  for  S04~  and  C104  according  to  reference  10, 
the  above  relation  between  AKbt  and  0 is  consistent 
with  the  experimental  A Kt  vsNs  variations.  Thus  our 
experimental  results  indicate  that,  for  C104 , specific 
adsorption  starts  for  NSi>  = 1.5  x 1014  clectrons/cm2 , 
i.e.  650  mV/NHE,  in  agreement  with  the  results  of 
Schmid  and  Hackerman,11  whereas  for  SO2'  it  starts 
at  a much  lower  voltage,  which  is  also  generally  admitted. 
The  fact  that  the  K i vs  N,  curves  run  parallel  for  the 
two  electrolytes  is  an  indication  of  the  fact  that  the 
quantity  B — [(et  — l)dbl(e,  + 2)]  is  very  close  for 
both. 

In  conclusion,  we  have  demonstrated  that  by  using 
ellipsometry  with  SP  it  is  possible  to  investigate  the 
effect  of  the  electric  field  at  the  metal  electrolyte 
interface  and  to  decouple  the  electronic  effects  in  the 
metal  from  the  ionic  effects  in  the  electrolyte. 

Although  the  method  can  be  used  with  a free-electron- 
metal  only,  its  sensitivity  is  high  and  the  interpm'  ’tion 
of  the  experimental  results  is  straightforward.  We  are 
investigating  now  the  region  of  oxygen  adsorption  in 
the  same  Au -electrolyte  systems. 
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